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In this paper we review both theoretical and experimental studies on spin-related photogalvanic
effects. A short phenomenological introduction is followed by the discussion of the circular photogal-
vanic effect, the direct and inverse spin-galvanic effects and the trembling motion of spin-polarized
electrons. Then we consider the pure spin currents and magneto-gyrotropic photocurrents. Finally,
we discuss the spin-dependent photocurrents in topological insulators and Weyl semimetals.
PACS numbers:
I. INTRODUCTION. PHENOMENOLOGICAL
DESCRIPTION
The spin of electrons and holes in solid state systems
is an intensively studied quantum mechanical property
showing a large variety of interesting physical phenom-
ena. One of the most frequently used and powerful meth-
ods of generation and investigation of spin polarization
is optical orientation [1]. Besides purely optical phenom-
ena like circularly-polarized photoluminescence, the op-
tical generation of an unbalanced spin distribution in a
semiconductor may lead to spin photocurrents.
Light propagating through a semiconductor and acting
upon mobile carriers can generate a dc electric current,
under short-circuit condition, or a voltage, in the case
of open-circuit samples. In this review we consider only
the photogalvanic effects (PGE) which, by definition, ap-
pear neither due to inhomogeneity of optical excitation
of electron-hole pairs nor due to inhomogeneity of the
sample. Moreover, we focus the attention here on the
spin-photogalvanics and discuss spin-related mechanisms
of the following effects: the circular PGE, spin-galvanic
effect, inverse spin-galvanic effect or spin polarization by
electric current, generation of pure spin photocurrents
and magneto-gyrotropic photogalvanic effect.
The macroscopic features of all spin-dependent PGEs
discussed in this article, e.g., the possibility to generate
a helicity-dependent current, its behavior upon variation
of radiation helicity, crystallographic orientation, exper-
imental geometry etc., can be described in the frame of
a phenomenological theory which operates with conven-
tional vectors, or polar vectors, and pseudo-vectors, or
axial vectors describing rotation, and does not depend
on details of microscopic mechanisms. Below we con-
sider one by one the phenomenological theory of various
spin-photogalvanic effects.
Circular Photogalvanic Effect The signature of pho-
tocurrent due to the circular PGE is that it appears
only under illumination with circularly polarized light
and reverses its direction when the sign of circular po-
larization is changed. Physically, the circular PGE can
be considered as a transformation of the photon angu-
lar momenta into a translational motion of free charge
carriers. It is an electronic analog of mechanical systems
which transmit rotatory motion to linear one. In gen-
eral there exist two different possibilities for such trans-
mission. The first is based on the wheel effect: when a
wheel being in mechanical contact with the plane surface
rotates it simultaneously moves as a whole along the sur-
face. The second transformation is based on the screw
effect and exemplified by a screw thread or a propeller.
In the both cases the rotation inversion results in the
reversal of motion, like the circular photogalvanic cur-
rent changes its sign following the inversion of the photon
helicity described by the degree of circular polarization
Pc =
(
Iσ+ − Iσ−
)
/
(
Iσ+ + Iσ−
)
, where Iσ+ and Iσ− are
the intensities of the right-handed (σ+) and left-handed
(σ−) circularly polarized radiation, respectively.
Phenomenologically, the circular photogalvanic cur-
rent j is described by a second-order pseudotensor
jλ = Iγλµi (e× e∗)µ = IPcγλµnµ , (1)
where n is the unit vector pointing in the direction of
the exciting beam, i is the imaginary unity, I and e are
the light intensity and polarization unit vector, for an
elliptically polarized light the vector e is complex. In
Eq. (1), the second equality is valid for the transverse
electromagnetic wave satisfying the property i(e×e∗) =
Pcn. Hereafter a repeated subscript is understood to
imply summation over the range of this subscript. In a
bulk semiconductor or superlattice the index λ runs over
all three Cartesian coordinates x, y, z. In quantum well
(QW) structures the free-carrier motion along the growth
direction is quantized and the index λ enumerates two in-
plane coordinates. In quantum wires the free movement
is allowed only along one axis, the principal axis of the
structure, and the coordinate λ is parallel to this axis.
On the other hand, the light polarization unit vector e
and directional unit vector n can be arbitrarily oriented
in space and, therefore, µ = x, y, z.
The tensor γ in Eq. (1) relates components of the polar
vector j and the axial vector e×e∗ which means that it is
nonzero for point groups that allow optical activity or gy-
rotropy. We remind that the gyrotropic point group sym-
metry makes no difference between components of polar
vectors, like current or electron momentum, and axial
2vectors, like a magnetic field or spin. Among 21 crys-
tal classes lacking inversion symmetry, 18 are gyrotropic;
three nongyrotropic noncentrosymmetric classes are Td,
C3h and D3h, for more details see e.g. [2, 3].
Spin-Galvanic and Inverse Spin-Galvanic Effects An-
other root of spin-photogalvanics is provided by optical
spin orientation. A uniform nonequilibrium spin polar-
ization obtained by any means, including optical, yields
an electric current if the system is characterized by the
gyrotropic symmetry. The current j and spin S are also
related by a second-order pseudotensor
jλ = QλµSµ . (2)
This equation shows that the direction of the electric cur-
rent is coupled to the orientation of the nonequilibrium
spin which is given by the radiation helicity. The effect
inverse to the spin-galvanic effect is an electron spin po-
larization induced by a dc electric current, namely,
Sµ = Rµλjλ . (3)
We note the similarity of Eqs. (1)-(3) characteristic for
effects due to gyrotropy: all three equations linearly cou-
ple a polar vector with an axial vector.
Pure Spin Photocurrents While describing spin-
dependent phenomena, one needs, in addition to electric
currents, introduce spin currents. Hereafter we use the
notation qλµ for the spin flux density with µ indicating
the spin orientation and λ indicating the flow direction.
Of special interest is the generation of pure spin currents
in which case a charge current is absent but at least one
of the qλµ components is nonzero. A fourth-order tensor
P relating the pseudotensor q with the light intensity
and polarization as follows
qλµ = IPλµνηeνe
∗
η (4)
has nonzero components in all systems lacking a center
of inversion symmetry. However an equivalence between
polar and axial vector components in the gyrotropic point
groups suggests new important mechanisms of pure spin
currents connected with the spin-orbit splitting of elec-
tronic bands.
Magneto-Photogalvanic Effects The variety of effects
under consideration is completed by magnetic-field in-
duced photocurrents gathered in the class of magneto-
photogalvanic effects represented by the phenomenologi-
cal equation
jλ = IΦλµνηBµeνe
∗
η , (5)
where B is an external magnetic field. The symmetry
properties of the tensor Φ coincide with those of P .
In this paragraph we will consider a magneto-gyrotropic
photocurrent induced by a linearly polarized radiation
which can be directly connected with the pure spin cur-
rent generated at zero magnetic field.
FIG. 1: Oscilloscope traces obtained for pulsed excitation of
(113)-grown n-type GaAs QWs at λ = 76 µm. (a) and (b)
show circular PGE signals obtained for circular σ+ and σ−
polarization, respectively. For comparison, in (d) a signal
pulse for a fast photon drag detector is plotted. In (c) the
measurement arrangement is sketched. After [10].
II. CIRCULAR PHOTOGALVANIC EFFECT
A. Historical Background
The circular photogalvanic effect was independently
predicted by Ivchenko and Pikus [4] and Belinicher [5].
It was first observed and studied in tellurium crystals by
Asnin et al. [6], see more references in the book [7]. In
tellurium the current arises due to spin splitting of the
valence band edge at the boundary of the first Brillouin-
zone (“camel back”structure). While neither bulk zinc-
blende materials like GaAs and related compounds nor
bulk diamond crystals like Si and Ge allow this effect,
in QW structures the circular PGE is possible due to a
reduction of symmetry. The circular PGE in gyrotropic
QWs was observed by Ganichev et al. applying tera-
hertz (THz) radiation [8–10]. In this review we discuss
the circular PGE in QW structures grown along the [001],
[113] and [110] directions, present experimental data for
demonstration and outline the microscopic theory of the
effect under intersubband and interband optical transi-
tions.
B. Basic Experiments
With illumination of QW structures by polarized ra-
diation a current signal proportional to the helicity Pc is
generated in unbiased samples. The irradiated structure
represents a current source wherein the current flows in
the QW, see a scheme in Fig. 1(c). Figures 1(a) and 1(b)
show measurements of the voltage drop across a 50 Ohm
load resistor in response to 100 ns laser pulses at λ = 76
µm. Signal traces are plotted for right-handed (a) and
left-handed circular polarization (b), in comparison to a
reference signal shown in Fig. 1(d) and obtained from a
fast photon drag detector [10, 11]. The width of the cur-
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FIG. 2: (a) Photocurrent in QWs normalized by the light power P as a function of the phase angle ϕ defining the helicity.
Upper panel: normal incidence of radiation on p-type (113)-grown GaAs/AlGaAs QWs (symmetry class Cs). The current jx
flows along the [11¯0] direction perpendicular to the mirror plane. Lower panel: oblique incidence of radiation with an angle of
incidence θ0 = −30
◦ on n-type (001)-grown InAs/AlGaSb QWs (symmetry class C2v). Full lines are fitted using one parameter
according to Eq. (7). (b) Photocurrent as a function of the incidence angle θ0 for right-circularly polarized radiation σ+
measured perpendicularly to light propagation. Upper panel: p-type (113)A-grown GaAs/AlGaAs QWs. Lower panel: n-type
(001)-grown InAs/AlGaSb QWs. Full lines represent theoretical fit. The insets show the geometry of the experiment, n is
the directional unit vector. After [9].
rent pulses is about 100 ns which corresponds to the THz
laser pulses duration.
Figure 2(a) presents results of measurements car-
ried out at room temperature on (113)-grown p-
GaAs/AlGaAs multiple QWs under normal incidence
and (001)-grown n-InAs/AlGaSb single QW structure
under oblique incidence. Optical excitation was per-
formed by a high-power THz pulsed NH3 laser operating
at wavelength λ = 76 µm. The linearly polarized light
emitted by the laser could be modified to an elliptically
polarized radiation by applying a λ/4 plate and changing
the angle ϕ between the optical axis of the plate and the
polarization plane of the laser radiation. Thus the helic-
ity Pc of the incident light varies from −1 (left handed,
σ−) to +1 (right handed, σ+) according to
Pc = sin 2ϕ . (6)
One can see from Fig. 2(a) that the photocurrent di-
rection is reversed when the polarization switches from
right-handed circular, ϕ = 45◦, to left-handed, ϕ = 135◦.
The experimental points are well fitted by the equation
jλ(ϕ) = jC sin 2ϕ (7)
with one scaling parameter. While in some systems
and experimental conditions the total photocurrent orig-
inates solely from the circular PGE, like for the data in
Fig. 2(a), in most cases it is accompanied by the con-
tributions caused by the linear photogalvanic or photon
drag effects [2, 11]. The latter are out of scope of this re-
view focused on the spin photogalvanics. The additional
contributions, however, complicate the dependence of the
photocurrent on the radiation polarization state which in
a general case is given by
jλ(ϕ) = jC sin 2ϕ+ jL1 sin 4ϕ+ jL2 cos 4ϕ+ joffset . (8)
The circular photocurrent, being proportional to Pc, can
easily be extracted from the total current by subtracting
the photocurrents excited by the σ+ and σ− circularly
polarized radiation.
In Fig. 2(b) closer look is taken at the dependence of
the photocurrent on the angle of incidence θ0 in con-
figuration with the incidence plane normal to the axis
x ‖ [11¯0].
For (113)-oriented QWs belonging to the symmetry
class Cs the current retains its sign for all θ0 and achieves
its maximum at normal incidence, see upper panel of
Fig. 2(b). In contrast, in asymmetric (001)-oriented sam-
ples (C2v-symmetry) a variation of θ0 in the plane of in-
cidence normal to x changes the sign of the current jx
for normal incidence, θ0=0, as can be seen in the lower
panel of Fig. 2(b). Solid curves in this figure show a fit
with phenomenological equation (1) adapted to a corre-
sponding symmetry and being in a good agreement with
experiment.
Further experiments demonstrate that circular PGE
can be generated by the radiation of wide range of fre-
quencies from terahertz to visible light. Applying light
of various frequencies the photocurrent due to interband,
intersubband and free carrier absorption was detected.
Absorption of radiation in the range of 9 to 11 µm in
n-type GaAs QW samples of well widths 8÷9 nm is domi-
nated by resonant direct intersubband optical transitions
4FIG. 3: (a) Photocurrent in QWs normalized by the light power P as a function of the photon energy h¯ω. Measurements are
presented for n-type (001)-grown GaAs/AlGaAs QWs of 8.2 nm width at room temperature. Oblique incidence of σ+ (squares)
and σ− (circles) circularly polarized radiation with an angle of incidence θ0 = 20
◦ was used. The current jx was measured
perpendicular to the light incidence plane (y, z). The dotted line shows the absorption measurement using a Fourier transform
infrared spectrometer. After [12]. (b) Microscopic picture describing the origin of the circular photogalvanic current and its
spectral inversion in Cs point group samples. The essential ingredient is the splitting of the conduction band due to k-linear
terms. Left handed circularly polarized radiation σ− induces direct spin-flip transitions (vertical arrows) from the e1 subband
with s = 1/2 to the e2 subband with s′ = −1/2. As a result an unbalanced occupation of the kx states occurs yielding a spin
polarized photocurrent. For transitions with k−x lying left to the minimum of e1 (s = 1/2) subband the current indicated by
jx is negative. At smaller ω the transition occurs at a value of kx on the right-hand side of the subband minimum, and the
current reverses its sign. After [12] .
between the first (e1) and the second (e2) size-quantized
subbands.
Applying mid-infrared (MIR) radiation from the CO2
laser, which causes direct transitions in GaAs QWs, a
current signal proportional to the helicity Pc has been
observed at normal incidence in (113)-oriented samples
and (110)-grown asymmetric QWs and at oblique inci-
dence in (001)-oriented samples, indicating a spin ori-
entation induced circular PGE [12, 13]. In Fig. 3(a) the
data are presented for a (001)-grown n-type GaAs QW of
8.2 nm width measured at room temperature. It is seen
that the current for both left- and right-handed circular
polarization changes sign at the frequency of the absorp-
tion peak. Spectral inversion of the photocurrent direc-
tion at intersubband resonance has also been observed
in (113)-oriented samples and (110)-grown asymmetric
QWs [12, 13].
While in all above cases the geometry required for the
photocurrent is forced by symmetry arguments, in the
systems of C1 point-group symmetry (containing only
the identity operation), e.g. in (013)-oriented QWs, the
space symmetry imposes no restriction on the relation
between radiation electric field and photocurrent compo-
nents resulting in a complex spectral and temperature
behaviour [14].
C. Microscopic Model for Intersubband Transitions
We start the microscopic consideration from the inter-
subband mechanism of circular PGE. Microscopically, as
shown below, a conversion of photon helicity into a cur-
rent as well as a number of effects described in this review
is due to a removal of spin degeneracy in the k-space re-
sulting in a shift of two spin subbands as sketched in
Fig. 3(b). Thus before a discussion of the photocurrent
origin we briefly describe the band spin splitting.
D. Relation to
The linear in k terms in the Hamiltonian are given by
the contribution
H(1)
k
= βµλσµkλ (9)
to the expansion of the electron effective Hamiltonian in
powers of the wave vector k. The coefficients βµλ form
a pseudotensor subjected to the same symmetry restric-
tion as the current-to-spin tensor R or the transposed
pseudotensors γ and Q. The coupling between the elec-
tron spin and momentum described by products of the
Pauli spin matrices σµ and the wave vector components
kλ as well as spin-dependent selection rules for optical
transitions yield a net current sensitive to circularly po-
larized optical excitation. The first source of k-linear
terms is the bulk inversion asymmetry (BIA), the cor-
responding contribution to (9) is obtained by quantum-
mechnical averaging [15] of the cubic-in-k Hamiltonian
introduced by Dresselhaus [16]. The spin-orbit splitting
also arises from a structure inversion asymmetry (SIA),
5see Refs. [10, 17–20]. The breakdown of reduced symme-
try at an interface, or the interface inversion asymmetry
(IIA), leads to a renormalization of the BIA contribution
[21–23]. The second-rank pseudotensors β,R,γ and Q
for QW structures of different crystallographic orienta-
tions as well as application of the spin photocurrents for
studying the BIA and SIA anysotropy are reviewed in
Ref. [24].
E. Circular PGE Due to Intersubband Transitions
Figure 3(b) illustrates the intersubband transitions
e1→ e2 resulting in the circular PGE. In order to make
the physics more transparent we will first consider the in-
tersubband circular photogalvanic current generated un-
der normal incidence in QWs of the Cs symmetry, say, in
(113)-grown QWs, and use the relevant coordinate sys-
tem x ‖ [11¯0], y′ ‖ [332¯], z′ ‖ [113]. In the linear-k Hamil-
tonian we retain only the term σz′kx because other terms
make no contribution to the photocurrent under the nor-
mal incidence. Therefore, the energy dispersion in the
νth electron subband depicted in Fig 3(b) is taken as
Eeν,k,s = E
0
ν +
h¯2k2
2mc
+ 2sβνkx , (10)
where s = ±1/2 is the electron spin component along
the z′ axis, βν = β
(ν)
z′x and, for the sake of simplicity,
we neglect nonparabolicity effects assuming the effective
mass mc to be the same in both subbands.
For the direct e1-e2 transitions shown in Fig 3 by verti-
cal arrows, the energy and momentum conservation laws
read
E21 + 2(s
′β2 − sβ1)kx = h¯ω ,
where E21 is the Γ-point gap E
0
2 − E01 and s′, s = ±1/2.
As a result of optical selection rules the circular polariza-
tion, e.g., left-handed, under normal incidence induces di-
rect optical transitions between the subband e1 with spin
s = +1/2 and the subband e2 with spin s′ = −1/2. For
monochromatic radiation with photon energy h¯ω1 > E21
optical transitions occur only at a fixed value of k−x where
the energy of the incident light matches the transition en-
ergy as indicated by the arrow in Fig. 3(b). Therefore,
optical transitions induce an imbalance of the momen-
tum distribution in both subbands yielding an electric
current along the x-direction with the e1 and e2 con-
tributions, antiparallel (j(1)) or parallel (j(2)) to x, re-
spectively. Since in n-type QWs the energy separation
between the e1 and e2 subbands is typically larger than
the energy of longitudinal optical phonons h¯ωLO, the
nonequilibrium distribution of electrons in the e2 sub-
band relaxes rapidly due to emission of phonons. As a
result, the electric current j(2) vanishes and the current
magnitude and direction are determined by the group ve-
locity and the momentum relaxation time τp of uncom-
pensated electrons in the e1 subband with s = +1/2, i.e.,
by j(1). By switching circular polarization from left- to
right-handed due to selection rules light excites the spin
down subband only.
Thus the whole picture mirrors and the current di-
rection reverses. Spectral inversion of the photocurrent
at fixed helicity also follows from the model picture of
Fig. 3(b). Indeed decreasing the photon frequency to
h¯ω2 < E21 shifts the transitions toward positive kx and
the direction of the current reverses (horizontal dashed
arrow).
Formally this process is described as follows. In the
polarization e ⊥ z′, the direct intersubband absorp-
tion is weakly allowed only for the spin-flip transitions,
(e1,−1/2) → (e2, 1/2) for σ+ photons and (e1, 1/2) →
(e2,−1/2) for σ− photons. Particularly, under the σ−
photoexcitation the electrons involved in the transitions
have the fixed x-component of the wave vector
k−x = −
h¯ω − E21
β2 + β1
(11)
and velocity
v(eν)x =
h¯k−x
mc
+ (−1)ν+1βν
h¯
. (12)
The circular photogalvanic current can be written as
j(e1)x = e
(
v(e2)x τ
(2)
p − v(e1)x τ (1)p
) η21I
h¯ω
Pc , (13)
where τ
(ν)
p is the electron momentum relaxation time in
the ν subband, η21 is the absorbance or the fraction of the
energy flux absorbed in the QW due to the transitions
under consideration, and minus in the right-hand side
means that the e1-electrons are removed in the optical
transitions.
We assume that inhomogeneous broadening, δ21, of the
resonance E21 exceeds, by far, the subband spin split-
ting. In this case the convolution of the current given by
Eq. (13) with the inhomogeneous distribution function
leads to [12]
jx =
e
h¯
(β2 + β1)
[
τ (2)p η21(h¯ω) (14)
+(τ (1)p − τ (2)p ) 〈E〉
d η21(h¯ω)
d h¯ω
]
IPc
h¯ω
,
where η21 is the absorbance in the polarization e ⊥
z′ calculated neglecting the linear-k terms but taking
into account the inhomogeneous broadening, 〈E〉 is the
mean value of the two-dimensional (2D) electron energy,
namely half of the Fermi energy EF for a degenerate 2D
electron gas and kBT for a nondegenerate gas. Since
the derivative dη21/d(h¯ω) changes its sign at the absorp-
tion peak frequency and usually the time τ
(1)
p is much
longer than τ
(2)
p , the circular photogalvanic current given
by Eq. (14) exhibits the sign-inversion behavior within
the resonant absorption contour, in agreement with the
experimental observations [12, 13].
6FIG. 4: (a) Microscopic picture describing the origin of interband circular PGE. The essential ingredient is the spin splitting of
the electron and/or hole states due to linear-k terms. (b)-(c) Spectral response of the circular photogalvanic current observed
in two (001)-grown InxGa1−xAs/InAlAs QW structures, sample D and sample E, under oblique incidence. To enhance the
structure inversion asymmetry, sample E was grown with a graded indium composition from 0.53 to 0.75 for the QW, instead of
the uniform indium composition of 0.70 for sample D. The photoreflectance spectra of two samples are also shown to determine
the electronic structures of the samples. The arrows indicate the heavy hole (hh) and light hole (lh) related transitions. Data
are given after [27].
Similarly to the previously discussed case of the Cs
symmetry the circular photogalvanic current for the e1-
e2 transitions in (001)-grown QWs exhibits the sign-
inversion behavior within the resonant absorption con-
tour [12], in agreement with the experimental data pre-
sented in Fig. 3(a).
F. Interband Optical Transitions
For direct optical transitions between the heavy-hole
valence subband hh1 and conduction subband e1, the cir-
cular PGE is also most easily conceivable in QWs of the
Cs symmetry which allows the spin-orbit term βz′xσz′kx.
We assume the parabolic dispersion in the conduction
and heavy-hole subbands, e1 and hh1 respectively, tak-
ing into account the linear-k terms as follows
Ee1,k,±1/2 = E
QW
g +
h¯2k2
2mc
± βekx , (15)
Evhh1,k,±3/2 = −
h¯2k2
2mv
± βhkx ,
where mv is the hole in-plane effective mass, βe = β
(e1)
z′x ,
βh = β
(hh1)
z′x , E
QW
g is the band gap renormalized because
of the quantum confinement of free carriers and the en-
ergy is referred to the valence-band top. In Fig. 4(a)
the allowed optical transitions are from j = −3/2 to
s = −1/2 for the σ+ polarization and from j = 3/2 to
s = 1/2 for the σ− polarization. Under circularly polar-
ized radiation with a photon energy h¯ω and for a fixed
value of ky′ the energy and momentum conservation al-
low transitions only from two values of kx labeled k
−
x and
k+x . The corresponding transitions are shown in Fig. 4(a)
by the solid vertical arrows with their “center-of-mass”
shifted from the point kx = 0.
Thus the average electron velocity in the excited state
is nonzero and the contributions of k±x photoelectrons
to the current do not cancel each other as in the case
βe = βh = 0. Changing the photon helicity from +1
to −1 inverts the current because the “center-of-mass”
for these transitions is now shifted in the opposite di-
rection. The asymmetric distribution of photoelectrons
in the k-space decays within the momentum relaxation
time. However, under steady-state optical excitation new
photocarriers are generated resulting in a dc photocur-
rent. The photohole contribution is considered in a sim-
ilar way. The final result for the interband circular pho-
togalvanic current can be presented as
jx = −e(τep − τhp )
(
βe
mv
+
βh
mc
)
µcv
h¯
ηehI
h¯ω
Pc , (16)
where ηeh is the fraction of the photon energy flux ab-
sorbed in the QW due to the hh1 → e1 transitions and
τep , τ
h
p are the electron and hole momentum relaxation
times.
The circular PGE at interband absorption was ob-
served in GaAs-, InAs- and GaN-based QW struc-
tures [25–31] and bulk semiconductors InN [32] and
BiTeBr [33]. In Figs. 4(b) and 4(c) diamonds and circles
present the spectral dependence of the circular photo-
galvanic current measured under interband optical tran-
sitions between the higher valence and conduction sub-
bands. The photo-reflectance spectra of the samples are
shown (solid curves) to clearly indicate the quantized en-
ergy levels of electrons and holes as marked by the arrows.
7FIG. 5: (a)-(c) Microscopic picture of spin sensitive bleaching: Direct hh1-lh1 optical transitions (a) and process of bleaching
for two polarizations, linear (b) and circular (c). Dashed arrows indicate energy (τε) and spin (τs) relaxation. (d) Circular
(squares) and linear PGE (circles) currents jx normalized by the intensity as a function of the intensity for circularly and linearly
polarized radiation. The inset shows the geometry of the experiment. The measurements are fitted to jx/I ∝ 1/(1+ I/Is) with
one parameter Is for each state of polarization. Data are given for (113)-grown samples after [37]. (e) Spin relaxation times
of holes for three different widths of (113)-grown GaAs/AlGaAs QWs as a function of temperature. The solid lines show a fit
according to the Dyakonov–Perel relaxation mechanism. After [38].
For the both samples the photocurrent spectral contour
exhibits a change in sign, in a qualitative agreement with
the theoretical prediction [34].
In addition to the interband and intersubband pho-
tocurrents, the circular PGE can be caused by intra-
band (or intrasubband) mechanisms [9]. In Refs. [35, 36],
a semiclassical theory of nonlinear transport and intra-
band photogalvanic effects has been proposed for noncen-
trosymmetric media, and the orbital Berry-phase con-
tribution to helicity-dependent photocurrents has been
computed.
G. Spin-Sensitive Bleaching
Application of high intensities results in saturation
(bleaching) of PGE. This effect was observed for direct
intersubband transitions in p-type GaAs QWs and gave
an experimental access to spin relaxation times [37, 38].
The method is based on the difference in nonlinear be-
havior of circular and linear PGE. We remind that the
linear PGE is an another photogalvanic effect allowed in
GaAs structures and can be induced by linearly polarized
light [2, 7, 11]. Both currents are proportional to absorp-
tion and their nonlinear behavior reflects the nonlinearity
of absorbance.
Spin sensitive bleaching can be analyzed in terms of
a simple model taking into account both optical exci-
tation and nonradiative relaxation processes. Excita-
tion with THz radiation results in direct transitions be-
tween heavy-hole (hh1) and light-hole (lh1) subbands,
see Fig. 5(a). This process depopulates and populates
selectively spin states in the hh1 and lh1 subbands. The
absorption is proportional to the difference of popula-
tions of the initial and final states. At high intensities
the absorption decreases since the photoexcitation rate
becomes comparable to the nonradiative relaxation rate
to the initial state.
Absorption of linearly polarized light is not spin selec-
tive and the saturation is controlled by energy relaxation,
Fig. 5(b). In contrast, absorption of circularly polarized
light is spin selective due to selection rules, and only one
type of spin is excited, Fig. 5(c). Note that during energy
relaxation the hot holes lose their photoinduced orienta-
tion due to rapid relaxation so that the spin orientation
occurs only within the bottom of the hh1 subband. Thus
the absorption bleaching of circularly polarized radiation
is governed by energy relaxation of photoexcited carriers
and spin relaxation within the subband hh1. These pro-
cesses are characterized by energy and spin relaxation
times, τε and τs, respectively. If τs is longer than τε
the bleaching of absorption becomes spin sensitive and
the saturation intensity of circularly polarized radiation
drops below the value of linear polarization.
Bleaching of absorption with increasing the intensity of
linearly polarized light is described phenomenologically
by the function
η(I) =
η0
1 + I/Ise
, (17)
8FIG. 6: Microscopic origin of the spin-galvanic current. (a) One-dimensional sketch: the σykx term in the Hamiltonian splits
the conduction band into two parabolas with the spin sy = ±1/2 pointing in the y-direction. If one of the spin-split subbands
is preferentially occupied, e.g., by spin injection (|+ 1/2〉y-states in the figure), spin-flip scattering results in a current in the
x-direction. The scattering rate depends on values of the initial and final electron wave vectors. Thus, the transitions sketched
by dashed arrows yield an asymmetric filling of the subbands and, hence, a current flow. If instead of the spin-up subband
the spin-down subband is preferentially occupied, the current direction is reversed. (b) The spin-flip transitions in the two
dimensions at scattering angle θ different from zero. After [10, 41].
where η0 = η(I → 0) and Ise is the characteristic satura-
tion intensity controlled by energy relaxation of the 2D
hole gas. Since the photocurrent of linear PGE, jLPGE,
induced by the linearly polarized light is proportional to
ηI, one has
jLPGE
I
∝ 1
1 + I/Ise
. (18)
The circular photogalvanic current jCPGE induced by the
circularly polarized radiation is proportional to the de-
gree of hole spin polarization and given by [37]
jCPGE
I
∝ 1
1 + I
(
I−1se + I
−1
ss
) , (19)
where Iss = psh¯ω/(η0τs), ps is the 2D hole density.
The measurements illustrated in Fig. 5(d) indicate that
the photocurrent jx at a low power level depends lin-
early on the light intensity and gradually saturates with
increasing intensity, jx ∝ I/(1 + I/Is), where Is is the
saturation parameter. One can see from Fig. 5(d) that
the measured saturation intensity for circular polarized
radiation is smaller than that for linearly polarized light.
Using the measured values of Is and Eqs. (18) and (19)
one can estimate the parameter Iss and even the time
τs [37, 38].
Figure 5(e) presents spin relaxation times extracted
from experiment (points) together with a theoretical fit
assuming that the Dyakonov–Perel mechanism [39] of
hole spin relaxation is dominant.
III. SPIN-GALVANIC EFFECT
The mechanisms of circular PGE discussed so far are
linked with the asymmetry in the momentum distribu-
tion of carriers excited in optical transitions which are
sensitive to the light circular polarization due to selection
rules. Now we discuss an additional possibility to gener-
ate a photocurrent sensitive to the photon helicity. In a
system of free carriers with nonequilibrium spin-state oc-
cupation but equilibrium energy distribution within each
spin branch, the spin relaxation can be accompanied by
generation of an electric current. This effect, predicted
by Ivchenko et al.[40], was observed by Ganichev et al.
applying THz radiation and named the spin-galvanic ef-
fect [41].
If the nonequilibrium spin is produced by optical ori-
entation proportional to the degree of light circular po-
larization Pc the current generation can be reputed just
as another mechanism of the circular PGE. However the
nonequilibrium spin S can be achieved both by optical
and non-optical methods, e.g., by electrical spin injec-
tion, and, in fact, Eq. (2) presents an independent effect.
Usually the circular PGE and spin-galvanic effect are
observed simultaneously under illumination by circularly
polarized light and do not allow an easy experimental
separation. However, they can be separated in time-
resolved measurements. Indeed, after removal of light or
under pulsed photoexcitation the circular photogalvanic
current decays within the momentum relaxation time τp
whereas the spin-galvanic current decays with the spin
relaxation time.
Another method which, on the one hand, provides
a uniform distribution in spin subbands and, on the
other hand, excludes the circular PGE was proposed in
Ref. [41]. It is based on the use of optical excitation and
the assistance of an external magnetic field to achieve
an in-plane polarization in (001)-grown low-dimensional
structures. Finally we note that the spin-galvanic effect
and its inversion, see Sect. IV, have been detected in
electron transport experiments which do not imply op-
tical excitation and, therefore, are out of scope of this
review.
A. Microscopic Mechanisms
For (001)-grown asymmetric QWs characterized by
the C2v symmetry only two linearly independent com-
ponents, Qxy and Qyx, of the tensor Q in Eq. (2) are
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jx = QxySy , jy = QyxSx . (20)
Hence, a spin polarization driven current needs a spin
component lying in the QW plane. For the Cs symmetry
of (hhl)-oriented QWs, particularly, (113) and asymmet-
ric (110), an additional tensor component Qxz′ is nonzero
and the spin-galvanic current may be caused by nonequi-
librium spins oriented normally to the QW plane.
Figure 6 illustrates the generation of a spin-galvanic
current. As already addressed above, it arises due
to k-linear terms in the electron effective Hamiltonian,
see Eq. (9). For a 2D electron gas system, these terms
lead to the situation sketched in Fig. 6(a). More strictly,
the scattering changes both kx and ky components of
the electron wave vector as shown Fig. 6(b) by dashed
lines. However, the one-dimensional sketch in 6(a) con-
veys the interpretation in a simpler and clearer way. In
the figure the electron energy spectrum along kx with al-
lowance for the spin-dependent term βyxσykx is shown.
In this case sy = ±1/2 is a good quantum number. The
electron energy band splits into two subbands which are
shifted in the k–space, and each of the bands comprises
states with spin up or down. Spin orientation in the y-
direction causes the unbalanced population in spin-down
and spin-up subbands. As long as the carrier distribu-
tion in each subband is symmetric around the subband
minimum point no current flows.
As illustrated in Fig. 6(a) the current flow is caused
by k-dependent spin-flip relaxation processes. Spins ori-
ented in the y-direction are scattered along kx from the
more populated spin subband, e.g., the subband |+1/2〉y,
to the less populated subband | − 1/2〉y. Four different
spin-flip scattering events are sketched in Fig. 6(a) by
bent arrows. The spin-flip scattering rate depends on the
values of wave vectors of the initial and final states[42].
Therefore, the spin-flip transitions shown by solid arrows
in Fig. 6(a) have the same rates. They preserve the sym-
metric distribution of carriers in the subbands and, thus,
do not yield a current. However, two other scattering
processes shown by broken arrows are inequivalent and
generate an asymmetric carrier distribution around the
subband minima in both subbands. This asymmetric
population results in a current flow along the x-direction.
The occurrence of a current is due to the spin depen-
dence of the electron scattering matrix elements Mˆ
k
′
k
=
A
k
′
k
Iˆ + σ · B
k
′
k
, where A∗
k
′
k
= A
kk
′ , B∗
k
′
k
= B
kk
′
due to hermicity of the interaction and A
−k
′
,−k
= A
kk
′ ,
B
−k
′
,−k
= −B
kk
′ due to the symmetry under time inver-
sion. Within the model of elastic scattering the current
is not spin polarized since the same number of spin-up
and spin-down electrons move in the same direction with
the same velocity. The spin-galvanic current can be esti-
mated by [43]
jx = QxySy ∼ e nsβyx
h¯
τp
τ ′s
Sy , (21)
and the similar equation for jy, where ns is the 2D elec-
tron density, τ ′s is the spin relaxation time due to the
Elliott–Yafet mechanism [1, 44, 45]. Since spin-flip scat-
tering is the origin of the current given by Eq. (21),
this equation is valid even if the Dyakonov–Perel mech-
anism [1, 39] of spin relaxation dominates. The Elliott–
Yafet relaxation time τ ′s is proportional to the momentum
relaxation time τp. Therefore the ratio τp/τ
′
s in Eq. (21)
does not depend on the momentum relaxation time. The
in-plane average spin, e.g., Sy in Eq. (21), decays with the
total spin relaxation time τs and, hence, the time decay
of the spin-galvanic current following pulsed photoexcita-
tion is described by the exponential function exp (−t/τs).
In contrast, the circular PGE current induced by a short-
pulse decays within the momentum relaxation time τp
allowing to distinguish these two effects in time resolved
measurements.
In general, in addition to the kinetic contribution to
the current there exists the so-called relaxational contri-
bution which arises due to the linear-k terms neglecting
the Elliott–Yafet spin relaxation, i.e., with allowance for
the Dyakonov–Perel mechanism only. This contribution
has the form
j = −ensτp∇k
(
Ω
(1)
k
S˙
)
, (22)
where the spin rotation frequency Ω
(1)
k
is defined by
H(1) = (h¯/2)σΩ(1)
k
, i.e., h¯Ω
(1)
k,µ = 2βµλkλ, and S˙ is the
spin generation (or production) rate.
For optical transitions excited under oblique incidence
of the light in n-type zinc-blende-lattice QWs of the C2v
symmetry, the spin-galvanic effect coexists with the cir-
cular PGE described in Section II. In the case of inter-
subband transitions in (001)-grown QWs, the spin orien-
tation is generated by resonant spin-dependent and spin-
conserving photoexcitation followed by energy relaxation
of the photoelectrons from the subband e2 to e1 and their
further thermalization within the subband e1. The re-
sulting spin generation rate is given by a product of the
optical transition rate times the factor of depolarization,
ξ, of the thermalizing electrons, and the current jx is
estimated as
jx ∼ e βyx
h¯
τpτs
τ ′s
η21I
h¯ω
Pcξny , (23)
where η21 is the absorbance under the direct transitions
e1 → e2. Equation (23) shows that the spin-galvanic
current is proportional to the absorbance and determined
by the spin splitting constant in the first subband, βyx
or βxy. This is in contrast to the circular PGE which is
proportional to the absorbance derivative, see Eq. (14).
Finally we note that besides spin-flip mechanisms of
the current generation the spin-galvanic effect can be
caused by the interference of spin-preserving scatter-
ing and spin relaxation processes in a system of spin-
polarized two-dimensional carriers [46]. Burkov et al.
[47] have incorporated the spin-galvanic effect into a set
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FIG. 7: Spin-galvanic current jx as a function of magnetic
field B ‖ x for normally incident right-handed (open circles)
and left-handed (solid circles) circularly polarized radiation.
Solid and dashed curves are fitted after Eqs. (20) and (24) us-
ing the same value of the spin relaxation time τs and scaling of
the ordinate. Inset shows optical scheme of generating a uni-
form in-plane spin polarization which causes a spin-galvanic
current. Electron spins are oriented normal to the QW plane
by circularly polarized radiation and rotated into the plane
by the Larmor precession in an in-plane magnetic field Bx.
After[41].
of equations that provide a description of coupled spin
and charge diffusive transport in a two-dimensional elec-
tron gas with the SIA spin-orbit interaction.
B. Spin-Galvanic Photocurrent Induced by the
Hanle Effect
The spin-galvanic effect can be investigated by pure
optical spin orientation due to absorption of circularly
polarized radiation in QWs. However, the irradiation of
QWs with circularly polarized light also results in the cir-
cular PGE, and an indivisible mixture of both effects may
be observed since phenomenologically they are described
by the tensors, γ and Q, equivalent from the symme-
try point of view. Nevertheless, microscopically these
two effects are definitely inequivalent. Indeed, the spin-
galvanic effect is caused by asymmetric spin-flip scatter-
ing of spin polarized carriers and determined by the spin
relaxation processes. If spin relaxation is absent the spin-
galvanic current vanishes. In contrast, the circular PGE
is a result of selective photoexcitation of carriers in the
k-space with circularly polarized light due to optical se-
lection rules, it is independent of the spin relaxation if
τs ≫ τp.
Here we describe a method which, on the one hand,
achieves a uniform distribution of nonequilibrium spin
polarization by optical means and, on the other hand,
excludes the circular PGE [41]. The polarization is ob-
tained by absorption of circularly polarized radiation at
normal incidence on (001)-grown QWs as depicted in the
inset in Fig. 7. For normal incidence the spin-galvanic
effect as well as the circular PGE vanish because both
Sx = Sy = 0 and nx = ny = 0. Thus, the spin orienta-
tion S0z along the z-axis is achieved but no spin-induced
photocurrent is generated, in difference with QWs of
other crystallographic orientations, e.g. (110), (113) or
(013).
An in-plane spin component, necessary for the spin-
galvanic effect in (001) oriented QWs, arises in a mag-
netic field B ‖ x. The field perpendicular to the initially
oriented spins rotates them into the plane of the 2D elec-
tron gas due to the Larmor precession (Hanle effect). The
nonequilibrium spin polarization Sy is given by
Sy = − ωLτs⊥
1 + (ωLτs)2
S0z , (24)
where τs =
√
τs‖τs⊥, τs‖ and τs⊥ are the longitudinal
and transversal electron spin relaxation times, and ωL
is the Larmor frequency. Since in the experimental set-
up S˙ is parallel to z, the scalar product (Ω
(1)
k
S˙) van-
ishes and, according to Eq. (22), the spin-galvanic effect
is not contributed by the relaxational mechanism and
arises only due to the kinetic mechanism described by
Eq. (21). The observation of the Hanle effect, see Fig. 7,
demonstrates that free carrier intrasubband transitions
can polarize the spins of electron systems. The measure-
ments allow one to extract the spin relaxation time τs
from the peak position of the photocurrent reached at
ωLτs = 1 providing experimental access to investigation
of spin relaxation times for monopolar spin orientation,
where only one type of charge carriers is involved in the
excitation–relaxation process [41, 48]. This condition is
close to that of electrical spin injection in semiconduc-
tors.
We note that a similar set-up was applied in experi-
ments of Bakun et al. [49] carried out on bulk AlGaAs
excited by interband absorption and demonstrating spin
photocurrents caused by the inhomogeneous spin distri-
bution predicted in [50, 51], known now as the Inverse
Spin Hall Effect. The crucial difference to the spin-
galvanic effect is that in the case of surface photocur-
rent caused by optical orientation a gradient of spin den-
sity is needed. Naturally this gradient is absent in QWs
where the spin-galvanic effect has been investigated be-
cause QWs are two-dimensional and have no “thickness”.
For optical excitation of the spin-galvanic effect mid-
infrared, far-infrared (terahertz frequencies) and visible
laser radiation has been used [2, 10, 11]. Most of the
measurements were carried out in the long wavelength
range with photon energies less than the energy gap of
investigated semiconductors. The advantage is that, in
contrast to interband excitation resulting in the valence
band – conduction band transitions, there are no spurious
photocurrents due to other mechanisms like the Dember
effect, photovoltaic effects at contacts and Schottky bar-
riers etc.
In contrast to the circular PGE the spin-galvanic ef-
fect induced by the Hanle effect under intersubband
transitions excited by the mid-infrared radiation does
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FIG. 8: The separation of the SIA and BIA contributions to the spin-galvanic effect observed in an n-type InAs single QW at
room temperature for the case of the electron spin S‖ ‖ [100]. (a) Geometry of the experiment. (b) The direction of the SIA
and BIA contributions to the photocurrent. (c) The spin galvanic current measured as a function of the angle ϑ between the
pair of contacts and the x axis. After [53].
not change its sign with frequency radiation and fol-
lows the spectral behavior of direct intersubband absorp-
tion [48]. This result is in agreement with the mecha-
nism of the spin-galvanic effect discussed in the previ-
ous subsection, see Eqs. (23), and clearly demonstrates
that this effect has different microscopic origin. The ob-
servation of the mid-infrared and terahertz radiation ex-
cited spin-galvanic effect, which is due to spin orientation,
gives clear evidence that direct intersubband and Drude
absorption of circularly polarized radiation result in a
monopolar spin orientation. Mechanisms of the monopo-
lar spin orientation were analyzed in Refs. [48, 52]. We
would like to emphasize that spin-sensitive e1-e2 inter-
subband transitions in (001)-grown n-type QWs have
been observed at normal incidence when there is no com-
ponent of the electric field of the radiation normal to the
plane of the QWs.
C. Spin-Galvanic Effect at Zero Magnetic Field
In the experiments described above an external mag-
netic field was used for re-orientation of an optically gen-
erated spin polarization. The spin-galvanic effect can
also be generated at optical excitation only, without ap-
plication of an external magnetic field. The necessary
in-plane component of the spin polarization can be ob-
tained by oblique incidence of the exciting circularly po-
larized radiation but in this case the circular PGE may
also occur interfering with the spin-galvanic effect. How-
ever, the spin-galvanic effect due to pure optical excita-
tion was demonstrated making use the difference in spec-
tral behavior of these two effects excited by inter-subband
transitions in n-type GaAs QWs [43]. Experiments have
been carried out making use of the spectral tunability
of the free electron laser “FELIX”. The helicity depen-
dent photocurrent closely following the absorption spec-
trum was detected demonstrating dominant contribution
of the spin-galvanic effect.
D. Determination of the SIA/BIA Spin Splitting
Ratio
An important application of the spin-galvanics was ad-
dressed in [53]. It was demonstrated that angular de-
pendent measurements of spin photocurrents allow one
to separate the different contributions to the spin-orbit
Hamiltonian (9). Later on this method was extended
and improved by using measurements of both the spin-
galvanic effect (at normal incidence of the radiation in
the presence of an in-plane magnetic field) and circular
PGE (at oblique incidence with no magnetic field ap-
plied) [24, 54].
Experiments were carried out on (001)-oriented QWs
for which the Hamiltonian Eq. (9) for the first subband
reduces to
H(1)
k
= α(σx0ky0 − σy0kx0) + β(σx0kx0 − σy0ky0) , (25)
where x0, y0 are the crystallographic axes [100] and
[010], the parameters α and β result from the structure-
inversion and bulk-inversion asymmetries, SIA and BIA,
respectively. The first and second contributions to the
Hamiltonian (25) are often called the Rashba and Dres-
selhaus terms.
Note that, in the coordinate system with x ‖ [11¯0]
and y ‖ [110], the matrix H(1)
k
gets the form βxyσxky +
βyxσykx with βxy = β + α, βyx = β − α. According to
Eq. (21) the current components jx, jy are proportional,
respectively, to βxy and βyx and, therefore, angular de-
pendent measurements of spin photocurrents allow one
to separate the SIA and BIA linear in-k terms. By map-
ping the magnitude of the spin photocurrent in the QW
plane the ratio of both terms can directly be determined
from experiment and does not rely on theoretically ob-
tained quantities. The relation between the photocurrent
and spin directions can be conveniently expressed in the
following matrix form
j ∝
(
β −α
α −β
)
S‖ , (26)
where j and S‖ are two-component columns with the in-
plane components along the crystallographic axes x0 ‖
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[100] and y0 ‖ [010]. The directions of the SIA and BIA
coupling induced photocurrents are shown in Fig. 8(b)
for the particular case S‖ ‖ [100].
Figure 8(c) shows the angular dependence of the spin-
galvanic current j(ϑ) measured on an n-type (001)-
grown InAs/Al0.3Ga0.7Sb single QW of 15 nm width at
room temperature. Because of the admixture of pho-
ton helicity-independent magneto-gyrotropic effects (see
Section VB1) the spin-galvanic effect is extracted af-
ter eliminating current contributions which are helicity-
independent: j =
(
jσ+ − jσ−
)
/2.
The sample edges are oriented along the [11¯0] and [110]
crystallographic axes. Eight pairs of contacts on the sam-
ple allow one to probe the photocurrent in different di-
rections, see Fig. 8(a). The optical spin orientation was
performed by using a pulsed molecular NH3 laser. The
photocurrent j is measured in the unbiased structure in
a closed circuit configuration. The nonequilibrium in-
plane spin polarization S‖ is prepared as described in
Section III B, see also Fig.8(a). The angle between the
magnetic field and S‖ can in general depend on details
of the spin relaxation process. In these particular InAs
QW structures the isotropic Elliott–Yafet spin relaxation
mechanism dominates. Thus, the in-plane spin polariza-
tion S‖ is always perpendicular to B and can be var-
ied by rotating B around z as illustrated in Fig. 8(a).
The circle in Fig. 8(c) represents the angular dependence
cos (ϑ− ϑmax), where ϑ is the angle between the pair of
contacts and the x axis and ϑmax = arctan (jR/jD), with
jR and jD being the SIA and BIA contributions to the
photocurrent, respectively. The best fit in this sample is
achieved for the ratio jR/jD = α/β = 2.1. The method
was also used for investigation of SIA/BIA k-linear spin-
splitting in GaAs heterostructures where spin relaxation
is controlled by Dyakonov–Perel mechanism [54]. These
experiments demonstrate that growth of structures with
various delta-doping layer position accompanied by ex-
periments on spin-galvanic effect makes possible a con-
trollable variation of the structure inversion asymmetry
and preparation of samples with equal SIA and BIA con-
stants or with a zero SIA constant.
The measurements of the spin-galvanic and circular
photogalvanic effects in a set of InGaAs/InAlAs QW
structures with semitransparent gate, supported by the
weak antilocalization experiments, permitted to find a
proper QW design for the realization of the persistent
helix condition |α| = |β| of the parameters in Eq. (25)
[55]. Application of the two complementary experiments,
transport and photogalvanic, enabled to extract informa-
tion on the role of cubic-in-k terms on spin transport in
a material with strong spin-orbit interaction, for details
see the review [24].
E. Coherent Trembling Motion of Spin-Polarized
Electrons
Equation (22) is derived for the steady-state spin gen-
eration. If the electron spin S varies in time then this
equation reads
j = ensτp∇k
[
Ω
(1)
k
(
−S˙ + dS(t)
dt
)]
. (27)
Particularly, under a short-pulse interband excitation at
t = 0 by circularly polarized light, the spin-galvanic cur-
rent at t > 0 has the form
j = ensτp∇k
(
Ω
(1)
k
dS(t)
dt
)
. (28)
In the normal-incidence geometry and in the presence
of an in-plane magnetic field B ‖ x the electron spin
S(t) processes around the field and exhibits an oscillatory
behaviour
Sz(t) = Sz(0)e
−t/τs cos (ωLt) , (29)
Sy(t) = −Sz(0)e−t/τs sin (ωLt) .
Substituting Sy(t) into Eq. (28) we find for the x-
component of the electric current
jx(t) = 2ensτp
βyx
h¯
Sz(0)e
−t/τs (30)
×
[
1
τs
sin (ωLt)− ωL cos (ωLt)
]
.
Stepanov et al. [56] have measured under identical
experimental conditions the time-resolved spin-Faraday
rotation of electron spin precession Sz(t) and time-
dependent ac difference current jspin = [j(σ+)−j(σ−)]/2
induced by the pump pulses with σ+/σ− helicities. The
samples consisted of a 500 nm thick In0.07Ga0.93As epi-
layer grown on a semi-insulating (001) GaAs wafer. Due
to the strain caused by the lattice mismatch and the re-
duced symmetry of the structure, the spin-orbit terms in
the electron effective Hamiltonian have the form similar
to Eq. (25). A series of the current measurements at dif-
ferent values of the magnetic field are shown in Fig. 9(a).
The current can be fitted by an exponentially decaying
cosine function
jx(t) = j0e
−t/τs cos (ωLt+ φ) ,
with the amplitude
j0 ∝ βyxSz(0)sign(Bx)
√
ω2L + τ
−2
p (31)
and the phase φ = − cot−1 (ωτs). Figure 9(b) presents
the experimental and calculated dependences of the am-
plitude j0 on the magnetic field.
The ac current (30) can be understood in terms of
the coherent trembling motion (Zitterbewegung) of spin-
polarized electrons [56]. The trembling motion originates
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FIG. 9: Magnetic field dependence of spin precession driven coherent Zitterbewegung. (a) Time-resolved ac current along
the [110] direction in the InGaAs(001) epilayer at various magnetic fields. Larmor precession frequency and magnitude of ac
current increase with increasing magnetic field strength while the sign of the ac current reverses when reversing the magnetic
field direction. (b) Amplitude j0 of ac current vs. applied magnetic field Bx. The solid line is a fit to Eq. (31). After [56].
from the fact that, in quantum mechanics, the electron
velocity is not a conserved quantity in the presence of
spin-orbit interaction. Taking into account the linear in
k terms (9) and the Zeeman Hamiltonian (h¯/2)ωLσx we
have for the electron velocity vx = (h¯kx/mc)+(βyx/h¯)σy
and then obtain for the acceleration
dvx
dt
= −βyx
h¯
ωLσz .
Including the electron momentum scattering as a “fric-
tion force” and neglecting the spin relaxation we arive at
the following equation for the average electron velocity
dvx
dt
+
vx
τp
= −2βyx
h¯
ωLSz .
In the fast scattering limit, ωLτp ≪ 1, the oscillating
current is given by
jx = ensvx(t) = −2nsτp βyx
h¯
ωLSz(0) cos (ωLt) , (32)
in agreement with Eq. (30) where τs is set to infinity.
IV. INVERSE SPIN-GALVANIC EFFECT
The effect inverse to the spin-galvanic effect is the elec-
tron spin polarization generated by a charge current j.
First it was predicted in [4] and observed in bulk tel-
lurium [57], see also the recent paper [58]. The sym-
metry of bulk tellurium belongs to the gyrotropic crystal
class D3 which contains the right or left handed three-
fold screw axis, respectively the space groupsD43 and D
6
3.
The extrema of the conduction and valence are located at
the vortices of the hexagonal Brillouin zone, the points
H and H ′ (M and P in other notation). The degen-
eracy in the valence band is completely lifted, the two
upper nondegenerate subbands H4 and H5 are split by
2∆ = 126 meV. The hole wave function in the subband
H4 is a superposition of the two Bloch states | ± 3/2〉
ΨH4,kz = C 3
2
(kz)|3/2〉+ C− 3
2
(kz)| − 3/2〉 ,
where
C± 3
2
(kz) =
√
E ± βkz
2E
, E =
√
∆2 + (βkz)2 ,
and the spin-orbit coefficient β = 2.4 × 10−8 eV·cm.
The average component of the angular momentum on
the principal axis z is given by
Sz(kz) =
1
2
(
C23
2
− C2− 3
2
)
=
βkz
2E
. (33)
An external cw electric field F applied in the z direction
shifts the hole distribution in the k-space by the drift
wave vector k¯z ∝ Fz and induces the free-carrier spin
Sz ≈ βk¯z/2∆. The appearance of the current-induced
spin induces the rotation of the polarization plane of the
linearly polarized probe light [57, 58] and the circular
polarization of the interband photoluminescence.
In p-type tellurium, the energy splitting between the
nondegenerate valence subbands H4 and H5 exceeds the
uncertainty h¯/τp, the spin S and the wave vector k are
strictly coupled, and the off-diagonal intersubband com-
ponents of the hole density matrix are negligible. In the
opposite limiting case where the splitting of the conduc-
tion band due to the linear k terms (9) is small as com-
pared to h¯/τp, the off-diagonal components of the elec-
tron spin density matrix ρk are not suppressed by the
splitting and the relation between the nonequilibirum
spin and the wave vector is more loose. The spin ori-
entation by current in this limit of fast momentum scat-
tering was theoretically demonstrated for QW systems
by Vas’ko and Prima [59], Levitov et al. [60], Aronov
and Lyanda-Geller [61] and Edelstein [62]. The study
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was extended in Refs. [63–72], see the review [3] for more
details. The first direct experimental proofs of this ef-
fect were obtained in semiconductor QWs [73, 74] as
well as in strained bulk material [75]. At present in-
verse spin-galvanic effect has been observed in various
low-dimensional structures based on GaAs, InAs, ZnSe
and GaN.
Phenomenologically, the averaged nonequilibrium free-
carrier spin S is linked to j by Eq. (3). Microscopically,
the spin polarization can be found from the kinetic equa-
tion for the electron spin density matrix ρk which can
conveniently be presented in the form
ρk = fk + skσ , (34)
where fk = Tr{ρk/2} is the distribution function and
sk = Tr{ρkσ/2} is the average spin in the k state. In
the presence of an electric field F the kinetic equation
reads
eF
h¯
∂ρk
∂k
+
i
h¯
[H(1)
k
, ρk] +Qk{ρ} = 0 , (35)
where Qk{ρ} is the collision integral and H(1)k is the
linear-k Hamiltonian. Similarly to the spin-galvanic ef-
fect there exist two different mechanisms of the current-
to-spin transformation, namely, spin-flip mediated and
precessional.
A. Spin-Flip Mediated Current-Induced
Polarization
In the spin-flip mediated mechanism, a value of the
spin generation rate is calculated neglecting the commu-
tator in Eq. (35) and taking into account the spin-flip
processes in the collision integral and the linear-k terms
in the electron dispersion. Microscopic illustration of this
mechanism is sketched in Fig. 10(b) for a 2D hole gas in
a system of the Cs symmetry, a situation relevant for the
experiments of Ref. [73].
In the simplest case the electron kinetic energy in a
QW depends quadratically on the in-plane wave vector
k. In equilibrium, the spin degenerate k states are sym-
metrically occupied up to the Fermi energy EF . If an
external electric field is applied, the charge carriers drift
in the direction of the resulting force. The carriers are ac-
celerated by the electric field and gain kinetic energy until
they are scattered, Fig. 10(a). A stationary state forms
where the energy gain and the relaxation are balanced
resulting in an asymmetric distribution of carriers in the
k-space. The holes acquire the average quasi-momentum
h¯k¯ = −eτpF = −mc
ens
j , (36)
where τp is the momentum relaxation time, j the elec-
tric current density, mc the effective mass and ns the 2D
carrier concentration. As long as the energy band is spin
degenerated in the k-space a current is not accompanied
FIG. 10: Comparison of current flow in (a) spin-degenerate
and (b) spin-split subbands. (a) Hole distribution at a sta-
tionary current flow due to acceleration in an electric field and
momentum relaxation. (b) Spin polarization due to spin-flip
scattering. Here only βz′xσz′kx term is taken into account
in the Hamiltonian which splits the valence subband into two
parabolas with spin-up | + 3/2〉z′ and spin-down | − 3/2〉z′
in the z′-direction. Biasing along the x-direction causes an
asymmetric in k-space occupation of both parabolas. After
[73].
by spin orientation. However, in zinc-blende-lattice QWs
or strained bulk semiconductors the spin degeneracy is
lifted due to the linear-k terms given by Eq. (9). To be
specific for the mechanism depicted in Fig. 10(b) we con-
sider solely spin-orbit interaction of the form βz′xσz′kx.
Then the parabolic energy band splits into two parabolic
subbands of opposite spin directions, sz′ = 3/2 and
sz′ = −3/2, with minima symmetrically shifted in the
k-space along the kx axis from the point k = 0 into the
points ±k0, where k0 = mcβz′x/h¯2. The corresponding
dispersion is sketched in Fig. 10(b).
In the presence of an in-plane electric field F ‖ x the
distribution of carriers in the k-space gets shifted yielding
an electric current. Until the spin relaxation is switched
off the spin branches are equally populated and equally
contribute to the current. Due to the band splitting,
spin-flip relaxation processes ±3/2 → ∓3/2 are differ-
ent because of the difference in quasi-momentum transfer
from initial to final states. In Fig. 10(b) the k-dependent
spin-flip scattering processes are indicated by arrows of
different lengths and thicknesses. As a consequence dif-
ferent amounts of spin-up and spin-down carriers con-
tribute to the spin-flip transitions causing a stationary
spin orientation. Thus, in this picture we assume that
the origin of the current induced spin orientation is, as
sketched in Fig. 10(b), exclusively due to scattering and
hence dominated by the Elliott-Yafet spin relaxation pro-
cesses.
B. Precessional Mechanism
The precessional mechanism resulting in the current
induced spin orientation is based on the Dyakonov–Perel
spin relaxation. In this mechanism of spin polarization
the contribution of spin-flip scattering to the collision in-
tegral is ignored and the spin appears taking into account
the linear-k Hamiltonian, both in the collision integral
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FIG. 11: (a) Polarization dependent signal for current in the active direction as a function of current strength for two samples.
After Ref. [73]. (b) Voltage-induced angle θF as a function of the magnetic field B for F = 12 mV µm
−1 (F ‖ [11¯0]). After
Ref. [75]. Open circles are data, and lines are fits according Eq. (41). Insets to both panels show experimental set-up: (a)
The sample is placed between crossed polarizer and analyzer blocking optical transmission at zero current through the sample.
Injecting a modulated current in the sample yields a signal at the detector which is recorded by the box-car technique. (b) The
current yields an in-plane spin polarization which applying magnetic field B is rotated out off plane yielding Faraday rotation
of the probe light. Second inset shows sample geometry. Here dark areas are Ni/GeAu contacts and the light grey area is the
InGaAs channel.
and the commutator [H(1)
k
, ρk]. For example, we present
here the collision integral for elastic scattering
Qk{ρ} = 2pi
h¯
Ni
∑
k′
|Ak′k|2 (37)
×
{
δ
(
Ek +H(1)k − Ek′ −H(1)k′
)
, ρk − ρk′
}
,
where Ek = h¯
2k2/(2mc), Ni is the density of static de-
fects acting as the scatterers, Ak′k is the scattering ma-
trix element and the braces mean the anticommutator,
{AB} = (AB + BA)/2 for two arbitrary 2×2 matrices
A and B. Similar equation can be written for electron-
phonon scattering.
In the equilibrium the electron spin density matrix is
given by
ρ0
k
= f0(Ek +H(1)k ) ≈ f0(Ek) +
∂f0
∂Ek
H(1)
k
, (38)
where f0(E) = {exp [(E − µ)/kBT ] + 1}−1 is the Fermi-
Dirac distribution function, µ is the electron chemical
potential, kB is the Boltzmann constant and T is the
temperature.
Neglecting the spin splitting we can write the solution
of Eq. (35) in the text-book form
fk = f
0(Ek)− eFxvxτ1(Ek) ∂f
0
∂Ek
(39)
with sk = 0. Here vx = h¯kx/mc, τ1 is the time describing
the relaxation of a distribution-function harmonic with
the angular dependence of the functions kx or ky. If we
substitute ρk with the distribution function (39) into the
collision integral and ρ0
k
into the first term of Eq. (35) we
obtain an equation for sk. By solving this equation one
arrives at the estimation for the spin density
sµ ≡
∑
k
sk,µ ∼ βµλk¯λg2d , (40)
where g2d = mc/(pih¯
2) is the 2D density of states and
h¯k¯λ/mc is the electron drift velocity. The factor of pro-
portionality can be found in [65, 68, 70–72].
Spin orientation by electric current in low-dimensional
structures has been observed applying various exper-
imental techniques, comprising transmission of polar-
ized THz-radiation, polarized luminescence and space
resolved Faraday rotation [27, 73–80]. Here we briefly
sketch results of experiments on the THz-transmission
and polarized photoluminescence in which the spin orien-
tation by electric current in QW structures was initially
observed.
It has been shown that in the streaming regime the
current-induced spin orientation is remarkably increased
[81]. A microscopic theory of spin orientation by electric
current for the hopping regime has been developed by
Smirnov and Golub [82].
C. Current Induced Spin Faraday Rotation
In order to observe current induced spin polarization,
in [73] the circular dichroism and Faraday rotation of
THz radiation transmitted through samples containing
multiple QWs were studied. This method allows one
to detect spin polarization at normal incidence in the
growth direction. The materials chosen for studies were
(113)- and miscut (00l)-oriented p-type GaAs multiple
QWs of the Cs point group symmetry. The transmission
measurements were carried out at room temperature us-
ing linearly polarized λ = 118 µm radiation as shown
in Fig. 11(a): the sample is placed between two metallic
grid polarizers and the cw-terahertz radiation is passed
through this optical arrangement.
Using modulation technique the Faraday rotation was
observed only for the current flowing in the x-direction.
This is in agreement with the phenomenological equation
Sz′ = Rz′xjx relating the induced spin with the current
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density, the spin polarization can be obtained only for
the current flowing along the direction normal to the mir-
ror reflection plane which is perpendicular to the x-axis.
The signal ∆V caused by rotation of polarization plane is
shown in Fig. 11(a) as a function of the current strength.
Experiment shows that, in agreement with Eq. (40), the
spin polarization increases with the decreasing tempera-
ture.
Current induced spin polarization has also been de-
tected by the Faraday rotation of infrared radiation ap-
plying a mode-locked Ti:sapphire laser. Figure 11(b)
demonstrates an optical detection of current-induced
electron spin polarization in strained InGaAs epitax-
ial layers [75]. The heterostructure studied consists of
500 nm of n-In0.07Ga0.93As (Si doped for n = 3 × 1016
cm−3) grown on (001) semiinsulating GaAs substrate and
capped with 100 nm of undoped GaAs. The n-InGaAs
layer is strained due to the lattice mismatch. An alter-
nating electric field F is applied along either of the two
crystal directions [110] and [11¯0], the in-plane magnetic
field B is parallel to F . A linearly polarized probe beam
is directed along the z axis, normally incident and focused
on the sample. The polarization axis of the transmitted
beam rotates by an angle θF that is proportional to the
z component of the spins Sz (the spin Faraday rotation).
The current-induced angle is lock-in detected at the
modulation frequency as a function of the applied mag-
netic field. The experiment data in Fig. 11(b) can be
explained by assuming a constant orientation rate s˙k,y
for spins polarized along the y axis. The rotation of the
spins around the magnetic field yields the z spin compo-
nent given by
Sz(B) =
ωLτs‖
1 + (ωLτs)2
S0y , S0y = τs,⊥
∑
k
s˙k,y
ns
, (41)
where the notations for the spin relaxation times and
Larmor frequency are introduced in Eq. (24). The high
sensitivity of the Faraday rotation technique allows de-
tection of 100 spins in an integration time of about 1 s,
unambiguously revealing the presence of a small spin po-
larization due to laterally applied electric fields.
D. Current Induced Polarization of
Photoluminescence
In [74, 76] in order to detect the inverse spin-galvanic
effect the degree of circular polarization of the 2D hole
gas photoluminescence (PL) was measured. This ex-
perimental procedure has become a proven method for
probing spin polarization[1, 83]. A (001)-grown sample
cleaved into bars was studied with the current flowing
along the long side cleaved parallel to the [11¯0] direc-
tion. Lately (113)-grown samples were also studied [76].
The PL was excited with 633nm line from a helium-neon
laser. In (001)-oriented samples the PL was collected
from the cleaved (110) facet of the sample.
FIG. 12: Differential spectra of polarized PL for two current
directions. After[74]. Base line is taken with the current
turned off. Inset shows experimental geometry.
On the other hand, at the (113)-oriented heterojunc-
tions, because of the Cs symmetry, the mean spin density
will have a component along the growth direction. There-
fore, the PL in this case was detected in the back scat-
tering geometry; the degree of PL circular polarization
Pc was analyzed with a λ/4 plate and a linear polarizer.
Inset in Fig. 12 shows the experimental arrangement for
measuring the current induced polarization and differen-
tial spectra, (PLσ+ - PLσ−), for the two opposite current
directions. The observation of the circularly polarized
radiation and, in particular, the reversal of helicity upon
the inversion of the current direction demonstrate the ef-
fect of current induced spin polarization. The observed
degree of polarization in (001)-grown samples yields a
maximum of 2.5% [74]. In (113)-grown samples even
higher polarization of 12% at 5.1 K is achieved [76].
V. PURE SPIN CURRENTS
Pure spin current represents a nonequilibrium distri-
bution where free carriers, electrons or holes, with the
spin up propagate mainly in one direction and an equal
number of spin-down carriers propagates in the opposite
direction. This state is characterized by zero charge cur-
rent because electric currents contributed by spin-up and
spin-down quasi-particles cancel each other, but leads to
separation of spin-up and spin-down electron spatial dis-
tributions and accumulation of the opposite spins at the
opposite edges of the sample. Spin currents in semicon-
ductors can be driven by an electric field acting on unpo-
larized free carriers (the spin Hall effect, not considered
here). They can be induced as well by optical means
under interband or intraband optical transitions in non-
centrosymmetric bulk and low-dimensional semiconduc-
tors [84–89].
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A. Pure Spin Current Injected by a Linearly
Polarized Beam
In general, the spin current density pseudotensor qλµ
describes the flow of the µ component of the spin polar-
ization in the spatial direction λ. Phenomenologically,
the spin photocurrent qλµ is related with bilinear prod-
ucts Ieνe
∗
η by a fourth-rank tensor, in Eq. (4) it is the
tensor Pλµνη. Here we assume the light to be linearly po-
larized. In this particular case the product eνe
∗
η ≡ eνeη
is real and the tensor Pλµνη is symmetric with respect to
interchange of the third and fourth indices.
Among microscopic mechanisms of the pure spin pho-
tocurrent we first discuss those related to the k-linear
terms in the electron effective Hamiltonian [85, 87]. Let
us consider the e1-hh1 interband absorption of linearly
polarized light under normal incidence on (001)-grown
QWs. In this case linear-k splitting of the hh1 heavy-
hole valence subband is negligibly small. For the sake
of simplicity, but not at the expense of generality, in the
e1 conduction subband we take into account the spin-
orbit term βyxσykx only, the contribution to the tensor
P coming from the term βxyσxky is considered similarly.
Then the conduction-electron spin states are eigen states
of the spin matrix σy. For the light linearly polarized,
say, along x, all the four transitions from each heavy-
hole state ±3/2 to each sy = ±1/2 state are allowed.
The energy and momentum conservation laws read
EQWg +
h¯2(k2x + k
2
y)
2µcv
+ 2syβyxkx = h¯ω ,
where we use the same notations for EQWg and µcv as in
Subsection II F. For a fixed value of ky the photoelectrons
are generated only at two values of kx labeled k
±
x . The
average electron velocity in the sy spin subband is given
by
v¯e,x =
h¯(k+x + k
−
x )
2mc
+ 2sy
βyx
h¯
=
2syβyx
h¯
mc
mc +mv
.
The resulting spin fluxes i±1/2 are opposite in sign,
the electric current j = e(i1/2 + i−1/2) is absent but
the spin current js = (i1/2 − i−1/2)/2 is nonzero. This
directional movement decays in each spin subband within
the momentum relaxation time τep . However under the
cw photoexcitation the electron generation is continuous
which results in the spin current
qxy =
βyxτ
e
p
2h¯
mc
mc +mv
ηehI
h¯ω
.
Under the normal incidence it is independent of the light
polarization plane.
Now we turn to the pure spin currents excited in (110)-
grown QWs. In these structures the spin component
along the normal z′‖[110] is coupled with the in-plane
electron wave vector k ‖ [11¯0] due to the term βz′xσz′kx
in the conduction band and the term proportional to
Jz′kx in the heavy-hole band where Jz′ is the 4×4 ma-
trix of the angular momentum 3/2. The coefficient β
(e1)
z′x
is relativistic and can be ignored compared with the non-
relativistic constant β
(hh1)
z′x describing the spin splitting of
heavy-hole states. The allowed direct optical transitions
from the valence subband hh1 to the conduction sub-
band e1 are |+ 3/2〉 → |+ 1/2〉 and | − 3/2〉 → | − 1/2〉,
where ±1/2,±3/2 indicate the z′ components of the elec-
tron spin and hole angular momentum. Under linearly
polarized photoexcitation the charge photocurrent is not
induced, and for the electron pure spin photocurrent one
has
qxz′ =
β
(hh1)
z′x τ
e
p
2h¯
mv
mc +mv
ηehI
h¯ω
. (42)
The similar hole spin current can be ignored in the spin
separation experiments because of the much shorter spin
relaxation time for holes as compared to the conduction
electrons.
Another contribution to spin photocurrents comes
from k-linear terms in the matrix elements of the in-
terband optical transitions [90]. Taking into account
k ·p admixture of the remote Γ15 conduction band to the
Γ15 valence-band states X0(k), Y0(k), Z0(k) and the Γ1
conduction-band states S(k), one derives the interband
matrix elements of the momentum operator for bulk zinc-
blende-lattice semiconductors [91, 92]
〈iS(k)|e ·p|X0(k)〉 = P [ex0 + iχ(ey0kz0 +ez0ky0)] , (43)
〈iS(k)|e · p|Y0(k)〉 and 〈iS(k)|e · p|Z0(k)〉 are obtained
by the cyclic permutation of indices, the coefficient χ is a
material parameter dependent on the interband spacings
and interband matrix elements of the momentum opera-
tor at the Γ point, and we use here the crystallographic
axes x0 ‖ [100] etc. For GaAs band parameters [93] the
coefficient χ can be estimated as 0.2 A˚.
Calculation for (110)-grown QWs shows that the spin
photocurrent caused by k-linear terms in the interband
matrix elements has the form
qxz′ = ε(e
2
y′ − e2x)
χτep
h¯
ηcv
h¯ω
I , (44)
qy′z′ = εexey′
χτep
h¯
ηev
h¯ω
I
with ε = (h¯ω − EQWg )mv/(mc + mv) being the kinetic
energy of the photoexcited electrons and y′ ‖ [001¯]. In
contrast to Eq. (42), this contribution depends on the
polarization plane of the incident light and vanishes for
unpolarized light. From comparison of Eqs. (42) and (44)
one can see that depending on the value of h¯ω − EQWg
the two contributions to qxz′ can be comparable or one
of them can dominate over the other.
The injection and control of pure spin currents in
(110)-oriented GaAs QWs at room temperature by one-
photon absorption of a linearly polarized optical pulse
was demonstrated by Zhao et al. [86]. Spatially resolved
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FIG. 13: Measurement of ∆T+/T+ ∝ n−1/2(y) (open
squares) and ∆T−/T+ − ∆T+/T+ ∝ n1/2(y) − n−1/2(y) for
an x polarized (solid circles) and a y polarized (solid trian-
gles) pump pulse at room temperature for a pump fluence of
10 µJ/cm2. The lines are the fits to the data for spin separa-
tion d = 2.8 nm. After [86].
pump-probe technique was used. The pump pulse ex-
cited electrons from the valence to the conduction band
with an excess energy of ∼ 148 meV large enough for
the polarization-dependent contribution (44) to domi-
nate over the polarization independent contribution (42).
The probe was tuned near the band edge. The σ+ com-
ponent of the linearly polarized probe interacts stronger
with the spin-down electrons of the density n−1/2, while
the σ− component interacts stronger with the spin-up
electrons of the density n1/2. Consequently, the net spin
polarization of the carriers present in the sample at the
position of the probe can be readily deduced from the
difference in the transmission T± of the σ+ and σ− com-
ponents of the probe.
The results of measuring n−1/2(y) ∝ ∆T+/T+ and
∆n(y) ≡ n1/2(y) − n−1/2(y) ∝ ∆T−/T+ − ∆T+/T+ for
the x and y polarized pump are shown in Fig. 13. Note
that here we retain the notations x ‖ [001], y ‖ [11¯0], z ‖
[110] as they are introduced in the original paper [86]
while in Eqs. (42) and (44) we use the Cartesian frame
x ‖ [11¯0], y′ ‖ [001¯], z′ ‖ [110]. Clearly, the ∆n(y) sig-
nal is consistent with a pure spin current. It can be well
fitted by the product of the spatial derivative of the orig-
inal Gaussian profile and the separation d of the order
of the photoelectron mean free path. The solid curve in
Fig. 13 corresponds to a fit for d = 28 A˚. In agreement
with Eq. (44) the ∆n(y) signal has opposite signs for the
x and y linear polarization of the pump.
It is worth to add that a pure spin current may be
generated at simultaneous one- and two-photon coher-
ent excitation of proper polarization as demonstrated
in bulk GaAs [94] and GaAs/AlGaAs QWs [95]. This
phenomenon may be attributed to a photogalvanic effect
where the reduced symmetry is caused by the coherent
two-frequency excitation [96].
B. Pure Spin Currents Due to Spin-Dependent
Scattering
Light absorption by free carriers, or the Drude-like ab-
sorption, is accompanied by electron scattering by acous-
tic or optical phonons, static defects etc. Scattering-
assisted photoexcitation with unpolarized light also gives
rise to a pure spin current [88, 89]. However, in contrast
to the direct transitions considered above, the spin split-
ting of the energy spectrum leads to no essential con-
tribution to the spin current induced by free-carrier ab-
sorption. The more important contribution comes from
asymmetry of the electron spin-conserving scattering. In
gyrotropic low-dimensional structures, spin-orbit inter-
action adds an asymmetric spin-dependent term to the
scattering probability. This term in the scattering matrix
element is proportional to components of [σ × (k + k′)],
where σ is the vector composed of the Pauli matrices, k
and k′ are the initial and scattered electron wave vectors.
Figure 14(b) sketches the process of energy relaxation
of hot electrons for the spin-up subband (s = +1/2)
in a quantum well containing a 2D electron gas. En-
ergy relaxation processes are shown by curved arrows.
Due to the spin-dependent scattering, transitions to pos-
itive and negative k′x states occur with different prob-
abilities. In Fig. 14(b) the difference is indicated by
curved arrows of different thickness. This asymmetry
causes an imbalance in the distribution of carriers in
both subbands (s = ±1/2) between positive and nega-
tive kx-states. This in turn yields a net electron flows,
i±1/2, within each spin subband. Since the asymmetric
part of the scattering amplitude depends on spin orien-
tation, the probabilities for scattering to positive or neg-
ative k′x-states are inverted for spin-down and spin-up
subbands. Thus, the charge currents, j+ = ei+1/2 and
j− = ei−1/2, where e is the electron charge, have oppo-
site directions because i+1/2 = −i−1/2 and therefore they
cancel each other. Nevertheless, a finite pure spin cur-
rent js = (i+1/2 − i−1/2)/2 is generated since electrons
with spin-up and spin-down move in opposite directions
[88].
Similarly to the relaxation mechanism, optical excita-
tion of free carriers by Drude absorption, also involving
electron scattering, is asymmetric and yields spin separa-
tion. Figure 14(a) sketches the process of Drude absorp-
tion via virtual states for the spin-up subband. Vertical
arrow indicates optical transitions from the initial state
with kx = 0 while the horizontal arrows describe an elas-
tic scattering event to a final state with either positive
or negative electron wave vector. Due to the spin depen-
dence of scattering, transitions to positive and negative
kx states occur with different probabilities. This is indi-
cated by the different thickness of the horizontal arrows.
The asymmetry causes an imbalance in the distribution
of photoexcited carriers in the spin subband between pos-
itive and negative kx-states. This in turn yields electron
flow.
19
FIG. 14: Microscopic origin of a zero-bias spin separation and the corresponding magnetic field-induced photocurrent for
excitation (a) and relaxation (b) models corresponding to currents j1 and j2, see explanation in the text. Temperature
dependencies of the contributions j1 (c) and j2 (d) to the photocurrent jx in a magnetic field B ‖ y. Full lines are fits to
Ans/kBT with a single fitting parameter A, and to a constant, respectively. After [89].
1. Magneto-Gyrotropic Effects
A pure spin current and zero-bias spin separation can
be converted into a measurable electric current by ap-
plication of a magnetic field. Indeed, in a Zeeman spin-
polarized system, the two fluxes i±1/2, whose magnitudes
depend on the free carrier densities in spin-up and spin-
down subbands, n±1/2, respectively, do no longer com-
pensate each other and hence yield a net electric current.
Since the fluxes i±1/2 are proportional to the carrier den-
sities n±1/2 the charge current is given by
j = e(i1/2 + i−1/2) = 4eSjs , (45)
where x ‖ [11¯0], y ‖ [110], S = (1/2)(n1/2 −
n−1/2)/(n1/2+n−1/2) is the average spin per particle and
js is the pure spin current in the absence of magnetic
field. An external magnetic field B results in different
equilibrium populations of the two spin subbands due to
the Zeeman effect. We remind that in equilibrium the
average spin is given by S = −gµBB/4kBT for a non-
degenerate 2D electron gas and S = −gµBB/4EF for a
degenerate one, where µB is the Bohr magneton and g is
the electron g-factor (or Lande´ factor).
In the structures of the C2v symmetry, the phenomeno-
logical equation (5) for the magneto-photogalvanic effects
induced by normally-incident linearly polarized radiation
reduces to [97]
jx = S1ByI + S2By
(
e2x − e2y
)
I + 2S3BxexeyI , (46)
jy = S
′
1BxI + S
′
2Bx
(
e2x − e2y
)
I + 2S′3ByexeyI .
Here the parameters S1 to S3 and S
′
1 to S
′
3 are linearly
independent components of the tensor Φλµνη in Eq. (5)
and only in-plane components of the magnetic field are
taken into account. For B ‖ y we have
jx = j1 cos 2α+ j2 , jy = j3 sin 2α , (47)
where j1 = S2ByI, j2 = S1ByI, j3 = S
′
3ByI.
Right panels of Fig. 14 show the temperature depen-
dence of the currents j1 and j2 corresponding to the exci-
tation and relaxation mechanisms depicted in Figs. 14(c)
and 14(d), respectively. The data are obtained in an
n-type SiGe QW structure for the magnetic field 0.6 T
under excitation with a THz molecular laser (λ = 148
µm). The analysis shows [88, 89] that the temperature
dependence of the current can be reduced to nsS, the
current becomes independent of temperature at low tem-
peratures and is proportional to ns/T at high tempera-
tures, in agreement with the experimental data. Thus,
the application of an external magnetic field gives ex-
perimental access to investigations of pure spin currents.
The conversion of the pure spin current has been demon-
strated for GaAs, InAs, InSb and Cd(Mn)Te QWs, for
review see [98], as well as for Dirac fermions in HgTe
QWs of critical thickness [99]. Like circular PGE and
spin-galvanic effect, magneto-gyrotropic effect provides
an efficient tool for investigation of inversion asymme-
try as it is demonstrated for (110)-grown GaAs quantum
wells [100].
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C. Spin vs. Orbital Mechanisms of Photocurrents
While analyzing measured data on the polarization-
dependent magneto-photogalvanic effects an attention
should be payed to possible orbital mechanisms of the
photocurrent formation [101–107]. Spin and orbital
mechanisms may simultaneously be responsible for var-
ious physical phenomena and result in two competitive
contributions to the observables. The textbook exam-
ple is the Pauli paramagnetism and the Landau diamag-
netism that yield comparable contributions to the mag-
netic susceptibility of an electron gas.
In addition to the spin mechanisms reviewed in this
article, the photocurrents induced by circularly or lin-
early polarized radiation may also steam from orbital
effects caused by quantum interference of optical tran-
sitions [108], ratchet effects in QWs with a lateral su-
perlattice [109], dynamic Hall effect [110], pure valley
currents [111], magnetic field dependent scattering [112]
etc. It is worth recalling that, in the first papers [4, 5] on
the circular PGE, Belinicher proposed an orbital mecha-
nism of the effect whereas Ivchenko and Pikus predicted
the spin-dependent circular photocurrent related to lin-
ear k-terms in the free-carrier effective Hamiltonian. In
materials with vanishingly small spin-orbit interaction,
like Si or graphene, these mechanisms are obviously pre-
dominant.
An interplay of spin and orbital mechanisms has been
demonstrated in GaAs/AlxGa1−xAs QW structures [113]
where the former contribution is proportional to the
nonequilibrium spin while the latter is caused by a
magnetic-field-induced and spin-independent scattering
asymmetry. To separate them, the well-known fact that
in GaAs based QWs the Zeeman splitting changes its
sign at a certain QW width [2] has been utilized. This
inversion is mostly caused by the opposite signs of the
g-factor in bulk GaAs and AlGaAs and the deeper pene-
tration of the electron wave function into the barrier with
narrowing the QW width.
The experiment shows that for the most QW widths
the magneto-gyrotropic PGE is mainly driven by spin-
related mechanisms which result in a photocurrent pro-
portional to the g-factor. For structures with a vanish-
ingly small g-factor, i.e. for QW thicknesses close to the
g-factor inversion point, the PGE caused by orbital mech-
anisms is clearly observed.
Experiments on (Cd,Mn)Te/(Cd,Mg)Te diluted mag-
netic semiconductor QWs [114] provide even more spec-
tacular evidence for the zero-bias spin separation as a
cause of the magneto-gyrotropic PGE. Diluted magnetic
semiconductors (DMS) are traditionally defined as dia-
magnetic semiconductors doped with a few to several
atomic percent of some transition metal with unpaired
d electrons. Exchange interaction between the localized
electrons of d shells of the magnetic ions and delocalized
band carrier states gives rise to specific features of DMS,
e.g., the exchange enhanced Zeeman splitting of the elec-
tronic bands and the giant Faraday rotation. Naturally,
the conversion of the zero-bias spin separation into the
net electric current is also strongly affected by the mag-
netic properties of DMS structures.
The spin polarization of magnetic ions in an external
magnetic field B not only enhances the spin photocur-
rent due to the exchange enhanced Zeeman effect but also
disturbs the balance between electron flows with oppo-
site spins due to spin-dependent scattering by localized
magnetic ions. The Zeeman splitting is given by a sum
of intrinsic and exchange contributions of opposite signs,
the former being independent of temperature and the lat-
ter being proportional to the modified Brillouin function
B5/2(ξ), where
ξ =
5
2
gMnµBB
kB(TMn + T0)
,
gMn= 2, TMn is the Mn-spin subsystem temperature and
T0 accounts for the Mn-Mn antiferromagnetic interac-
tion. The strong temperature dependence of the ex-
change contribution governs the temperature behaviour
of the spin photocurrent. In particular, it results in a
reversal of the photocurrent direction with temperature
variation. Experiments on Mn-doped II-VI, III-V, and
hybrid III-V/II-VI QW structures excited by microwave
or terahertz radiation have demonstrated that, as well as
in other spin-dependent phenomena in DMS, the strength
of photocurrent can be widely tuned by temperature,
magnetic field and concentration of the magnetic ions.
VI. PHOTOCURRENTS OF DIRAC FERMIONS
IN TOPOLOGICAL INSULATORS
In recent years, much attention in condensed-matter
physics is directed towards studies of electronic proper-
ties of Dirac fermions in three-dimensional (3D) and 2D
topological insulators (TI) which are nonmagnetic insu-
lators in the “bulk” but have robust gapless edge/surface
states described by a Dirac equation for massless parti-
cles.
Many materials have been proposed already as TIs, in-
cluding the 3D family Bi2Se3, Bi2Te3, Sb2Te3 and their
alloys, an alloy of Bi and Sb, narrow-gap semiconduc-
tor HgTe/CdTe and AlSb/InAs/GaSb/AlSb quantum
wells, strained HgTe films as well as topological crys-
talline insulators Pb1−xSnxSe [115, 116]. They are a new
playground for many interesting phenomena in the spin
physics. In particular, it has been demonstrated that
the surface Dirac electron states have helical spin struc-
ture and possess a strong relationship between the charge
current and spin polarization. The spin-dependent pho-
togalvanic effects, direct and inverse, could not be better
suited for establishing this relation [117–129].
McIver et al. [119] have shown that the illumination of
the topological insulator Bi2Se3 with circularly polarized
light generates a photocurrent originating from topolog-
ical helical Dirac fermions and that the reversal of the
light helicity reverses the direction of the photocurrent.
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FIG. 15: (a) Schematic picture of optical transitions
from helical edge states (straight lines marked by upward and
downward arrows show spin-up and spin down branches, re-
spectively) to bulk conduction band states (upper parabola).
The vertical arrow illustrates asymmetry of the photoexcita-
tion by circularly polarized radiation σ+: the probability of
edge-bulk transition is spin-dependent and different for the
spin-up and spin-down branches. Horizontal arrow sketches
the resulting circular photocurrent, Jc. (b) The circular PGE
current as a function of the Sb content x plotted together
with the mobility. The (Bi1−xSbx )2Te3 samples with the
data represented with open circles were fabricated in a dif-
ferent chamber condition. The solid lines are guides to the
eyes. The shaded area indicates the compositions where the
Fermi energy εF is in the bulk band gap. The insets show the
position of εF for three particular samples. After [126].
Later this effect has been observed for helical edge states
of HgTe-based 2D TIs [129]. Furthermore, Olbrich et
al. demonstrated that, by contrast to conventional QW
structures discussed above, the spin-dependent photogal-
vanic effects in TI systems can even be generated by ab-
sorption of linearly polarized radiation [121].
An important advantage of the spin photogalvanics is
that it, being forbidden by symmetry in most 3D TIs,
can be used to probe selectively surface states of novel
materials. This is particularly helpful in the search for
room temperature 3D TI where transport experiments
are often handicapped by a large residual bulk charge
carrier density.
Photogalvanic currents originating from 2D surface
states or one-dimensional helical edge states can be ex-
cited by different kinds of optical transitions including
those between the edge and bulk states, the Drude ab-
sorption or the direct optical transitions between spin-
up and spin-down branches of edge states character-
ized by linear dispersion. Figure 15(a) depicts the
dispersion of helical dispersion of the edge states and
the bulk conduction- and valence-band states (up and
down parabolas). The edge/bulk mechanism of circular
PGE [119, 123] schematically shown in Fig. 15(a) imple-
ments similar physical concepts as used for the photocur-
rents arising due to inter-subband optical transitions and
discussed in Sect. II. Due to the spin-dependent selection
Bi2Te3
(Bi0.57Sb0.43)2Te3
FIG. 16: (a) Photocurrent Jx/I measured in a Bi2Te3 sam-
ple. (b) Photocurrent Jy/I measured in a (Bi0.57Sb0.43)2Te3
sample. Plots show the dependence of the photocurrent ex-
cited by normal incident radiation with f = 2.0 THz on the
azimuth angle α. Angles of incidence θ0 = 0 and 180
◦ cor-
respond to the front and back excitations, respectively. Solid
lines are best fits from the theory. Insets sketch the setup and
the orientation of the electric field. Note that the photocur-
rent is probed in the directions coinciding with the principal
axes of the trigonal system. After [127]
rules for the optical transitions, the photoionization from
the spin-up and spin-down branches induced by circularly
polarized radiation occurs with different rates. This is
shown by the vertical arrow representing the “photoion-
ization” of helical states, i.e. the depopulation of the
Dirac cone and population of the excited bulk states.
The resulting imbalance of the edge states population
leads to a net electric current Jc.
Note that the photoexcited carriers can also contribute
to the photocurrent but this contribution is small due
to a fast relaxation of the bulk carriers. A series of
(Bi1−xSbx)2Te3 thin films were tailored so that the Fermi
energy εF ranged from the bulk conduction-band bottom
to the valence-band top through the surface-Dirac cone,
see three insets in Fig. 15(b). The circular photogalvanic
current, indicating a flow of spin-polarized surface-Dirac
electrons, shows a pronounced peak when εF is set near
the Dirac point, in correlation with the behaviour of car-
rier mobility.
The orientational and polarization analysis of the pho-
tocurrents in A2B3 TIs (A = Bi, Sb; B = Te, Se) and
their alloys is based on their bulk point-group symme-
try D3d and the symmetry C3v of the surface states, the
latter, of course, for the trigonal axis C3 being normal
to the sample surface. At normal incidence, the C3v
point group forbids the circular PGE but allows the linear
PGE. This is why the helicity-dependent photocurrent is
observed only at oblique angle of incidence (θ0 6= 0, 180◦)
[119, 126], whereas the trigonal linear PGE is detected
at any θ0 [121, 127].
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FIG. 17: (a) Microscopic origin of the cyclotron resonance
induced spin photocurrent in 3D TI materials. (b) Magnetic
field dependence of the photocurrent excited by circularly po-
larized THz radiation in a strained 80-nm HgTe 3D film. The
numbers indicate applied gate voltages (Fermi level remains
in the band gap). Inset shows the experimental geometry.
The data for Vg = 2 V are multiplied by 4. After [128].
The D3d group contains a center of space inversion and,
thereby, forbids both the circular and linear photocur-
rents. However, a photon drag current can be generated
in the centrosymmetric bulk as well. Under normal in-
cidence of linearly polarized light, the azimuth-angle de-
pendence of the photogenerated transverse current Jx or
Jy is the same for the linear current of Dirac fermions
and the drag current of bulk carriers. A straightforward
way to distinguish the PGE response emerging from the
surface states and the photon drag effect provides exper-
iments with reversed direction of the light propagation:
the former remains unchanged while the drag current
has opposite directions in these two geometries. Inset in
Fig. 16(a) indicates two normal geometries of incidence,
θ0 = 0 and θ0 = 180
◦. One can see that the photocur-
rents measured under the front and back illumination
coincide which clearly demonstrates that, at normal in-
cidence, the photon drag yields a minor contribution to
the total photocurrent. At oblique incidence, however,
in particular at large angles of incidence, the linear pho-
tocurrent can be outweighed by the photon drag effect
in the surface states or in the bulk [127].
In 3D TIs based on strained HgTe films the strain
opens a gap in the otherwise gapless HgTe which, to-
gether with the high quality of the material, allows one
to obtain insulation in the bulk and study surface charge
transport only [130, 131]. Figure 17 represents the obser-
vation of cyclotron resonance induced photocurrents gen-
erated in the surface states of a strained HgTe film sand-
wiched between thin Cd0.65Hg0.35Te layers acting as cap-
ping and buffer layers [128]. Curved arrows in Fig. 17(a)
indicate processes of carrier scattering. Their different
thicknesses depict different scattering rates for the states
with oppositely oriented spins due to an asymmetric cor-
rection to these rates caused by the mixing of electron
states by the magnetic field.
The asymmetry of carrier scattering in the momentum
space leads to an electric current generation. Since the
electron spin orientation in a topological surface state
is locked to its momentum the observed photocurrents
are spin polarized and accompanied by the emergence
of a macroscopic surface spin polarization. The model
of the photocurrent formation is supported by compli-
mentary measurements of the radiation transmission and
magneto-transport, see for details Ref. [128].
The excitation of the sample with right-handed cir-
cularly polarized radiation (σ+) and sweep of the mag-
netic field leads to two resonant dips at positive magnetic
fields, Fig. 17(b). Upon changing the radiation helicity
from σ+ to σ− the dips BCR1 and BCR2 appear at nega-
tive magnetic fields. For linearly polarized radiation, the
resonances are observed for both magnetic field direc-
tions. These findings are clear signs that the absorption
of radiation is caused by cyclotron resonance of electrons.
From the dip position BCR one can determine the corre-
sponding cyclotron mass as follows
mCR =
|e|BCR
2pifc
, (48)
where f is the light frequency. At T = 40 K the masses
mCR = 0.028m0 and 0.035m0 are obtained for dips at
BCR = 2.6 and 3.35 T, respectively. The two values of
mCR correspond to the top and bottom interfaces, they
are different because of a built-in electric field. It is very
important to stress that the cyclotron resonance of the
bulk carriers is expected at substantially higher magnetic
fields corresponding to a mass of about 0.07m0.
VII. CIRCULAR PHOTOGALVANIC EFFECT
IN WEYL SEMIMETALS
In the theoretical works [132–135] the CPGE is studied
in the Weyl semimetals. It is established that the con-
tribution of each Weyl node to the circular photocurrent
takes the universal form [132]
j = CΓ0τpi (E ×E∗) , (49)
where Γ0 = pie
3/3h2, e is the electron charge, h is the
Planck constant, C = ±1 is the chirality (or topological
charge) of the node, τp is the electron momentum relax-
ation time. The universality of Eq. (49) means that, with
the exception of the factor τp, the right-hand side of this
equation contains a numerical factor pi/3 and the world
constants e and h. Ching-Kit Chan et al. [133] have
considered a pair of Weyl nodes with opposite chiralities.
They have shown that the contributions to the circu-
lar photocurrent do not cancel each other provided that,
in addition to the terms Aαβσαkβ , the effective electron
Hamiltonian contains the tilt term a · k with the vector
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a different in the different nodes where k is the electron
wave vector referred to the node kW . However, in this
case the equation for the photocurrent loses its univer-
sality. Recently Qiong Ma et al. [136] have observed a
circular photocurrent in the TaAs crystal under excita-
tion by CO2 laser radiation.
Golub et al. [135] have analyzed how the presence
of a reflection plane in the point-symmetry group of a
gyrotropic crystal affects the CPGE and discussed the
influence of a magnetic field on the photocurrents in Weyl
gyrotropic semimetals. A particular attention is paid to
the crystal classes C4v and C2v. The effective electron
Hamiltonian near the Weyl nodet kW is given in the form
H = d(k) · σ + d0(k)σ0 , (50)
where σ0 is the identity matrix of dimension 2, dl(k) (l =
0, x, y, z) are functions whose expansions in powers of k
contain no terms of the zero order. The eigenenergies of
this Hamiltonian take on the values E±,k = d0(k)±d(k),
where d(k) = |d(k)|. Hereafter the energy is referred to
the electron energy at the Weyl point. Usually, for sim-
plicity only linear terms are taken into account in d0(k):
d0(k) = a·k, where a is some vector. This term describes
the tilt of the Weyl cone.
Under direct optical transitions in the vicinity of the
kW point, the following photocurrent is generated
j = e
∑
k
τp
2
h¯
∂d(k)
∂k
W+−(k) , (51)
where the rate of optical transitions per unit volume per
unit time is given by
W+− =
2pi
h¯
|M+−|2 F (k)δ (2d− h¯ω) , (52)
M+− is the matrix element of the optical transition that
does not depend on d0(k),
F (k) = f (E−,k)− f (E+,k) , (53)
f (E) is the equilibrium Fermi-Dirac distribution func-
tion. The factor 2 in Eq. (51) takes into account
the contributions to the current from the photoelec-
trons and photoholes. Similarly to Ref. [132], one can
show that, under the circularly polarized excitation, the
polarization-dependent contribution to the square mod-
ulus of the matrix element is proportional to the Berry
curvature
|M+−|2circ =
2e2d2
(h¯ω)
2 |E|2κ ·Ω , (54)
where κ = i(e × e∗), e is a unit polarization vector, the
Berry curvature is related to the vector d(k) by
Ωj =
d
2d3
·
(
∂d
∂kj+1
× ∂d
∂kj+2
)
, (55)
and the cyclic permutation of the indices is assumed. We
note that, taking into account the energy conservation
law, the argument E±,k of the distribution function can
be replaced by d0(k) ± h¯ω/2. Therefore, for a fixed fre-
quency ω, the difference of occupation numbers (53) is a
function of the scalar d0(k).
The structure of the second-rank pseudotensor γ in
Eq. (1) for all 18 gyrotropic classes is well known, see e.g.
[137]. The question arises what is the simplest form of the
Hamiltonian (50) which satisfies the two requirements:
(i) it leads to a nonzero contribution of the node kW to
the γαβ tensor which is allowed by the crystal symmetry
group F , and (ii) this contribution does not disappear
after the summation over the star of the vector kW .
First we consider gyrotropic classes that do not contain
reflection planes, and take into account in the Hamilto-
nian (50) only terms linear in k: dα = Aαβkβ , with the
chirality of the node kW equal to sgn{Det(Aˆ)}. In this
case all the Weyl nodes obtained by the symmetry trans-
formations are characterized by the same chirality. In the
absence of a tilt, d0(k) = 0, the tensor γ is isotropic: the
off-diagonal components are absent, while the diagonal
components coincide and are equal to the contribution of
a single node (49) multiplied by the number of vectors
n in the star of the vector kW if this star contains the
vector −kW , and 2n if kW and −kW belong to differ-
ent stars. The doubling is due to the symmetry to the
time inversion which transforms the point kW to −kW
preserving the chirality. The difference in the diagonal
components allowed by the symmetry is obtained taking
account of the tilt.
To calculate the off-diagonal components γαβ in crys-
tals of the symmetries C1 and C2, one needs to take
into account the tilt with nonzero coefficients aα and aβ .
In the Hamiltonian with linear-k terms, the off-diagonal
components γxy = −γyx in the classes C3, C4 and C6 are
not obtained, even with allowance for the tilt.
The gyrotropic classes containing reflection planes,
only linear-k terms in the Hamiltonian are taken into ac-
count. The off-diagonal components of γαβ in the groups
Cs, C2v, S4 and the diagonal components γxx = −γyy
in the groups S4, D2d arise in the calculation with al-
lowance for the tilt. In the groups C3v, C4v and C6v,
nonzero off-diagonal components do not appear in the
linear Hamiltonian model with an arbitrary tilt function
d0(k).
Thus, the six gyrotropic classes Cn, Cnv (n = 3, 4, 6)
stand apart from the rest: for them the components
γxy = −γyx can be obtained by adding, to the spin-
dependent part of H, terms of the higher (second or
third) order in k. In the k·p method, the nonlinear terms
in d(k) arise from the contribution of remote bands in the
perturbation theory and, therefore, can be considered as
being small compared to the linear terms.
One more effect specific for gyrotropic media is a
magneto-induced photocurrent independent of the light
polarization. In this effect, in the linear in magnetic field
approximation, the polar vector − the photocurrent den-
sity − is related with the axial vector − the magnetic
field. For example, the following currents are generated
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in crystals of the C2v symmetry [135]
jx = (SxxBx + SxyBy) |E|2, (56)
jy = − (SxxBy + SxyBx) |E|2 ,
where the Cartesian coordinate system is chosen with the
axis z ‖ C2 and the axis x composing the angle 45◦ with
the reflection planes σv.
VIII. CONCLUDING REMARKS
The two main fields of study in the modern physics
of semiconductors are transport phenomena and optical
effects. Sometimes an impression arises that, founded on
much the same basis of tremendous successes achieved in
technology, these fields are developing independently of
each other. It is also true for the extensive studies of spin
physics in semiconductors. One of the aims of this review
is to show that the spin photogalvanics builds a solid
bridge between the two fields and sets up a base for the
reciprocation of ideas. Indeed, the spin-dependent photo-
galvanic effects, including charge and spin photocurrents,
as well as the inverse effects allowing optical detection of
current-induced spin polarization need a thorough knowl-
edge in both the transport physics and the polarized op-
tical spectroscopy. As a result the different concepts sup-
plement each other and provide a deeper insight in the
spin-dependent microscopic processes.
Since the observation of the circular photogalvanic ef-
fect in GaAs quantum wells at the turn of the mil-
lennium [8], a coupling of photo-induced nonequilib-
rium spin to the directed electron motion has been
demonstrated for a great variety of semiconductor low-
dimensional systems. Experiments and theoretical devel-
opments demonstrated that spin-dependent optical ex-
citation or spin-dependent relaxation of nonequilibrium
carriers may cause an electric current as well as result
in a pure spin current. The family of spin photogalvan-
ics includes a number of phenomena such as the circular
photogalvanic effect, spin-galvanic effect and its inver-
sion, zero-bias spin separation, magneto-gyrotropic ef-
fect etc. The form of second-rank tensors γ,Q,R and
the fourth-rank tensor Φ describing these effects, i.e. the
number of their nonzero components and possible rela-
tions between them, is fully determined by the space and
time-inversion symmetry of the system. Therefore, the
photocurrent measurements are a convenient tool for the
determination or confirmation of the point-group sym-
metries of bulk crystals or nanoheterostructures.
At present the spin photogalvanics has become a sci-
entific measurement platform for the manifestations of
various spin-dependent effects, such as the optical orien-
tation of electronic spins, the Hanle effect, the exchange
enhanced Zeeman effect in diluted magnetic semiconduc-
tors, the cyclotron resonance of topologically protected
surface states, coherent Zitterbewegung etc. As a result,
the various band-structure and kinetic parameters can be
readily and independently extracted from the photocur-
rent measurements.
As for the future work, the most challenging tasks are
(i) the investigation of spin photogalvanics beyond per-
turbation limit at extremely high power optical excita-
tion and (ii) the analysis of the photocurrent dynamics
in time resolved experiments. Nonperturbative photo-
galvanics is expected to be characterized by a nontrivial
behavior of the photocurrent on the light intensity and
polarization state. This study should lead to the observa-
tion of the photovoltaic Hall effect at zero magnetic field
and edge photocurrents caused by the nontrivial topology
of Floquet states as well as would allow one to explore the
energy spectrum reconstruction by intense THz electric
fields due to formation of Floquet topological insulators
and dressed states.
Time resolved experiments on spin photogalvanics un-
der photoexcitation with femtosecond pulses, i.e. with
the pulse duration being comparable with the free-carrier
momentum relaxation time, would be desirable and infor-
mative for deep analysis of the individual photocurrent
mechanisms like shift vs. ballistic or spin vs. orbital ef-
fects. Such study would also reveal a great deal about
the momentum, energy and spin relaxation of nonequi-
librium photoexcited carriers. A technical realization of
these challenging experiments becomes possible most re-
cently and is, similarly to the Auston-switch, based on
study of terahertz radiation emitted by current pulses by
means of THz time domain spectroscopy.
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